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GENERAL INTRODUCTION TO THE SERIES 


During the past few years the civilised world has begun to realise the 
advantages accruing to scientific research, with the result tliat an ever- 
increasing amount of time and thought is being devoted to various 
branches of science. 

No study has progrc;ssed more rapidly than chemistry. This 
science may be divided roughly into several branches : namely, Organic, 
Physical, Inorganic, and Analytical Chemislry. It is impossible to 
write any single text-book which shall contain within its two covers a 
thorough treatment of any one of these branches, owing to the vast 
amoimt of information that has been accumulated. The need is rather 
for a series text-books dealing more or less comprehensively with 
each branch of chemistry. This has already been attempted by 
enterprising firms, so far as physical and analytical chemistry are 
concerned : and the present series is dcsignijd to meet the needs of 
inorganic chemists. One great advantage of this procedure lies in 
the fact that our knowledge of the different sections of science docs not 
progress at the same rate. Consequently, as soon as any particular 
part advances out of proportion to others, the volume dealing with 
that section may be. easily revised or rewritten as occasion requires. 

Some method of classifying the elements for trtiatment in this way 
is clearly essential, and we have adopted the Periodic Classification 
with slight alterations, devoting a whole volume to the consideration 
of the elements in each vertical column, as will be evident from a glance 
at the scheme in the Frontispiece. 

In the first volume, in addition to a dtitailed account of the Elements 
of Group 0, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this 
volume, and an attempt has been made to present to the reader a 
clear account of the principles upon which our knowledge of modern 
Inorganic Chemistry is based. 

At the outset it may be well to explain that it was not intended 
to write a complete text-book of Physical Chemistry. Numerous 
excellent works have already been devoted to this subject, and a 
volume on such lines would scarcely serve as a suitable introduction 
to this scries. Whilst Physical Chemistry deals with the general 
principk^s applied to all branches of theoretical chemistry, our aim 
has been to emphasise their application to Inorganic Chemistry, with 
which branch of the subject this series of text-books is exclusively 
concerned. To this end practically all the illustrations to the laws 
and principles discussed in Volume I deal with inorganic substances. 

Again, there are many subjects, such as the methods employed in 
the accurate determination of atomic weights, which are not generally 
regarded as forming part of Physical Chemistry. Yet these are sub- 
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viii CARBON AND ITS ALLIES 

jccts of supreme importance to the student of Inorganic Chemistry, 

and are accordingly included in tlie Introduction. 

Hydrogen and the ammonium salts are dealt with in Volume II, 
along with the Elements of Group I. The position of the rare earth 
metals in the Periodic Classification has for many years been a source 
of diinculty. They have all been included in Volume IV, along with 
the Elements of Groiij) III, as this was found to be the most suitable 
place for them. 

Many alloys and comj)oiinds liave an equal claim to be considered 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For exam{)Ie, alloys of copper and tin might be dealt 
with in Volumes II and V respectively. Similarly, certain double 
salts — such, for examii)ie, as ferrous ammonium sulphate — might very 
logically be inckuled in Volume II under ammonium, and in Volume IX 
under iron. As a general rule this dillieulty has been overcome by 
treating complex substances, containing two or more metals or bases, 
in tJiat volume dealing with the metal or base which belongs to the 
liighcst group of the Periodic Table. For exam[)le, the alloys of copper 
and tin arc detailed in Volume V along with tin, since copper occurs 
earlier, namely, in Volume IJ. Similarly, ferrous ammonium sulphate 
is discussed in Volume IX under iron, and not under ammonium in 
Volume IL The ferro-eyanides are likewise dealt with in Volume IX. 

But (jven with this arrangenu^nt it has not always been found easy 
to adopt a perfectly logical line of treatment. For example, in the 
chromates and permanganates the chromium and mangancset function 
as part of the acid radicles and are analogous to sulphur and chlorine 
in sulphat(\s and perchlorates ; so that tluiy should be treated in the 
volume dealing Avilh the metal acting as base, namely, in the case of 
potassium permanganate, under potassium in Volume II. But the 
alkali permanganates possess such (.‘lose analogies with one another 
that sepai'ate treatment of these salts hardly seems desirable. They 
are therefore considered in Volume VHI. 

Numerous other little irregularities of a like nature occur, but it is 
hoped that, by means of carefully compiled indices and frequent cross- 
referencing in the texts of the separate volumes, the student will 
experience no dilficulty in finding the information he requires. 

Particular care has been taken with the sections dealing with the 
atomic weights of the elements in question. The figures given are not 
necessarily those to be found in the original memoirs, but have been 
recalculated, except where otherwise stated, using the following 
fundamental values : 

Hydrogen = 1*00762. Oxygen = 16*000. 

Sodium = 22*996. Sulphur == 32*065. 

Potassium = 39*100. Fluorine = 19*015. 

Silver = 107*880. Chlorine = 35*457. 

Carbon = 12*003. Bromine = 79*916. 

Nitrogen = 14*008. Iodine =:= 126*920. 

By adopting this method it is easy to compare directly the results of 
earlier investigators with those of more recent date, and moreover it 
renders the data for the different elements strictly comparable 
throughout the whole series. 
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GENERAL INTRODUCTION TO THE SERIES 

Our aim has not been to make the volumes absolutely exhaustive, 
as this would render them unnecessarily bulky and expensive ; rather 
has it been to contribute concise and suggestive accomxts of the various 
topics, and to append numerous references to the leading works and 
memoirs dealing with the same. Every effort has been madci to 
render these rcfei’cnccs accurate and reliable, and it is hoped that they 
will prove a useful feature of the scries. The more important abbre- 
viations, xvliich are substantially the same as those adopted by Ihe 
Chemical Society, are detailed in the subjoiiu;d list. 

In order that the series shall attain the maximum utility, it is 
necessary to arrange for a certain amount of uniformity tliroughout, 
and this involves the suppression of tlie personality of the individu il 
author to a corresponding extent for the sake of the common welfare. 
It is at once my duty and my pleasure to express my sincere a])j>re- 
ciation of the kind and ready manner in wdiich the autliors have 
accommodated tiiemsclves to this task, which, without their hearty 
co-opcTation, could never have been successful. Finally, I wish to 
acknowhidge the unfailing courtesy of the publishers, Messrs. Charhts 
Griffin and Co., wdio have done everything in their power to render the 
^vork straightforward and easy. 

J. NEWTON FRIEND 

October 1917 




PREFACE 


By means of the Periodic System the chemical elements are set in 
variegated fields, the cultivation of wliich yields results of high interest 
and value. A review of each group for the purpose of exhibiting 
salient characteristics and developing generalisations is an impressive 
exercise, but one liable to lead to disappointment if simple relations 
such as those which pertain to members of homologous series of carbon 
compounds arc expected. Anomalies, however, cause questioning and 
meditation ; and thus amidst a bewildering array of chemical facts 
new relationships are sometimes perceived. 

Each of tlie different groups has an interest of its own ; and the 
fourth group, with which this volume deals, occupies a position of 
peculiar signirican(*c which the Author has sought to point out in the 
introductory chapter. 

Whilst the group contains no element the study of which is quite 
so fascinating as that of, say, chromium or nitrogen ; and, inorifover, 
contains one element, zirconium, about which it would be diflicult for 
any clicmist to be enthusiastic ; ncvc^rtheless some of the elements of 
the group occupy quite tlie first rank because of practical importance 
or theoretical interest. 

The group starts with carbon, with its allotropic forms, and coal, 
the constitution and j)otentialitics of which claim the most serious 
attention of chemists to-day. Then follow the simple hydrocarbons 
whose thermal decomposition and combustion have been elucidated by 
Dixon and Bone, and their co-workers ; afterwards comes carbon 
dioxide, interesting as a gas, and because of its place in nature ; and 
subsequently various other carbon compounds standing on the fringe 
of the organic field. 

Silicon has a double interest : on account of silica, and the natural 
and artificial silicates, whose constitution, according to the theories of 
W. and D. Asch and others, is reviewed ; and because of the problem 
of the relation of the element to carbon, to the solution of which the 
researches of Reynolds, Kipping, and Martin have contributed. The 
Author is much indebted to Professor Kipping, who kindly criticised 
the manuscript relating to this subject. 

The practical interest in titanium is limited to its use in steel and 
the employment of the trichloride as a reducing agent ; zirconium is 
noteworthy only because of the difficulty of preparing the metal, and 
the limited employment of zirconia as a refractory material. 

Thorium has assumed great importance in recent years because of 
the use of thoria in the manufacture of incandescent gas-mantles, and 
on account of the radioactivity of the element. The Author desires 
to express his sincere thanks to Mr. H. F. V. Little, B.Sc.*, Chief Chemist 
to Messrs. Thorium Limited, and Author of Volume IV in this series, 
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xii CARBON AND ITS ALLIES 

who read the manuscript and proof of the thorium chapter, and so 
ensured accurate presentation of a recondite siibjcct. 

The very rare element germanium, with which extremely few 
chemists liave any practical acquaintance, is cliielly of note because of 
the manner of its foretelling and discovery ; but within a limited scope 
the compounds of this metal show interesting relationships. 

The fourtli grou]) concludes with the important nuitals tin and 
lead. How remarkable it is that these common metals arc found in 
the same periodic field with the scarce germanium ; and how far we 
are from understanding why some elements arc so common and others 
so rare ! It is hoped that the descriptions of metallurgical and manu- 
facturing processes, and of the properties of the metals themselves, 
though not exhaustive, wdll be found clear and adequate. 

A valuable source of information and references up to the year 
1909 has been Abegg’s Ilandbueh der anorganischen Chemie, Band III, 2 ; 
Thorpe’s IHciionary of Aj^pUed Chernistrij has also been consulted, 
as well as Roscoe and Schorlcmmcr’s treatise. 

For more recent work the Abstracts and Annual Beports of the 
Chemical Society, and the Chcmisches Zentralblatt, have supplied 
references to original pa]:)crs, and information where the papers were 
unavailable. Some facts of mineralogy have been gleaned from the 
Data of Geochemistry compiled for the United States Geological Survey 
by F. W. Clarke. 

The Author desires to thank Dr. J. S. Haldane for his original 
contribution on the physiological action of carbon dioxide, and Mr. 
F. W. Clifford, llu'. Librarian of the Chemical Society, for revising the 
list of abbreviations of journals, and for information on some other 
matters ; and finally, to exprcNSS his great iiuh^btcidness to Dr. J. Newton 
Friend, the General Editor of this scries of text-books, for his invaluable 
help. Dr. Friend has edited the sections on Atomic Weights, and 
recalculated the values, and has also read the whole of the manuscript 
and the proof. On account of theses unremitting labours the Author 
has a degree of confidence in the reliability of the entire work which 
otherwise he would not jiosscss. 

lie will nevertheless be grateful for criticisms, and suggestions for 
improvement, 

R. M. CAVEN 

University Colleob 
Nottingham 
October 1917 


liepriiUed 1921 



CONTENTS 


PAfJB 

The Periodic Table (Frontispiece) iv 

General Introduction to the Series vii 

Preface xi 

List of Abbreviations xix 

Table of Dates of Issue of Journals xxiii 

Chapter I. Introductory 1 


The Elements of the Fourth Croup consitirred as a Whole — Helatton between 
Carbon and Silicjon — Natural Occurrence of (/arlnm and Silicon— A llotroj>y 
of Carbon and Silicon — The Linkage of the Atoms — Analogous Comjiounda 
of Carbon and Silicon — Comparison of tbo Ekunents of the A and B sub- 
groups with Carbon and Silicon — Comparative Study of CtERmanium, 
Tin, and Lead — The Metals — Valency — Atomic Linkage — Hydrides and 
** Organo-mt’itnllic ” (\)mpound8 — Halides — Oxides, Hydroxides, and Salts — 
Sulphides-- CoMPAUATivf: Study op Titanium, ZfEtroNJUM, Cerium, and 
Thorium — Halides and the Question of Valency— The Lower Oxides and 
their Salts — The Scsqiiioxidtis — The J.)ioxid<‘s— The Suj>croxides. 


Chapter II. Carbon and its Compounds 23 

Carbon — O eneral — JMolecular State of Carbon-r-Valoncy of Carbon — A llotropk'' 

Forms op Carbon — Diamond — H istory — Oceurrenco and Mining -Ik^sorii)- 
tion — l^hysical L^oporties of Diamond and (Jarbonado — Origin of Diamond 
— Preparation of Artificial Diamond — Uses of the Diamond. 

Graphite — H istory — Occurrence — Origin and Fc)rn)ation — Physical Propertit's 
— Chemical Properties — Uses of Graphite. 

Amorphous Carbon— P reparation — Sugar-Charcoal — Lampblack and Soot — 

Gas Carbon or Retort Carbon — Vegetable or Wood Charcoal — Animal 
Charcoal — Coke — Physical Properties of Amorphous Carbon — Chemical 
Projicrties of Amorphous Carbon — Heat of Combustion of Carbon, and 
Relations between the different Allotroinc Forms — Fusion and Vaporisation 
of Carbon. 

Properties of Carbon (tabulated). 

Coal — P eat — Lignite — Origin of Coal — Chemical Constitution of Coal — Varieties 
of Coal — The Gases in Coal. 

Atomic Weight op Carbon — P hysical Methods — Chemical Methods — Summary. 

Compounds op Carbon — C ompounds of Carbon with Hydrogen — The Hydro- 
carbons. 

Methane — O ccurrence — History — Origin of Petroleum — Synthesis of Methant^ — 
Preparation — Physical Properties — Chemical Properties — Estimation of 
Methane. 

Ethylene — H istory — Formation — Synthesis — Preparation — Physical Pro- 
perties — Chemical Projx^rties — Estimation. 

Acetylene — P reparation — Physical Properties — Chemical Properties — Pliysio- 
logical Action — Estimation. 

Coal-Gas— H istory — Destructive Distillation of Goal — Purification of CoaLGas 
— Composition of Coal-Gas. 

ziii 



XIV 


CARBON AND ITS ALLIES 


PAOB 


Carbon and the Halogens 

Carbon Halides — Carbon Tetrafluoride — Carbon Tetrachloride — Carbon 
TetrabromicJc — Carbon Tetra-iodidc. 

Carbon OxYiiAr.iDES — Carbon Oxychb>rido (Phosgene) — Carbon Oxybromide. 

Carbon and the Oxygen Group — Oxides of Carbon — Carbon Suboxide. 

Carbon Monoxide — 0(;currence — History — Preparat ion — Physical Properties 
— Chcniieal Proi>crtiea — Physiological Action — Detection and Estimation. 

Carbon Dioxide — History — Atmospheric and Terrestrial Carbon Dioxide — 
I’reparation of Carbon Dioxide — J^hysical Properties — Liquid (Carbon 
Dioxide — Solid Carbon Dioxide — Decomposition — C'arbonic Acid — The 
Carbonates — Physiological Action of Carbon Dioxide — Detection and 
Estimation. 

Percarbonic Aoid and its Salts. 

Amino-Dertvattves of Carbonic Acid. 

(^arbamic Acid — Carbamide (Urea) — Keactions of Urea. 

Carbon Dist7lpjiide and its Derivatives. 

Preparation — Physical Properties — Chemical Properties — Thio-acids and Salts 
derived from (jarbon Disulpliide — Xanthic Acid — Detection and Estima- 
tion of Cari>on Disul[)bide — Uses of Carbon Disulphide — Carbonyl Sulphide 
— Tliiocarbonyl Chloride — Amino-derivatives of Thiocarbonic Acid — 
TliincarbaTtuc Aeid — Thiocarbaraide (Thifmrea) — Pertbiocarbonates — Lower 
Sulphides of (^irbofi — C'arbon Mom^sulphide — Carbon Subsuljdiide — Carbon 
Sulj>hi(losolenide-' (’arbon Sulpliidotelliiride, 

Carbon and Nitrogen. 

Carbon Nitrides. 

Cyanogen, Hydroc yanic Acid, and the Cy'anides. 

History — Cyanog ks — Physical l*roj)crtics — Chemical Proi»erties — Detetdion and 
Estimatiem — Hydrocyanic A(’.td — Physical Properties- -Chemical Pro- 
perties — "J'he C-yanides — Constitution of Hydrocyanic Aoid, Cyanogen 
Halides, and the Cyanides — Physiological Action of Hydrocyanic Acid — 
Detection and Estimation — Halogen Derivatives of Hydrocyaniu 
Acid — Cyanogen Chloi-ide — Cyanogen Bromide — Cyanogen Iodide — Poly- 
merised Cyanogen Halides — Cyanamidc— Cyanic A(31i> and Related 
CoMPOxrNDS — Cyanic Acid — Cyanuric Acid — (/yamelide — Fulminic Acid — 
Thiocyanic A(ud — Isoperthiocyanio Acid — Detection and Estimation of 
Thiocyanate — Cyanogen Sulphide. 


CiTAPTEii III. Silicon and its Compounds 

Silicon — Occurrence — History— Chemical Characteristics and Relationships — 
l*reparatic)n and Properties — Amorphous Silicon— Crystalline Silicon. 

Atomic Weight of Silk^on, 

Compounds of Silicon— Hydrides of Silicon. 

Silicon Tetrahydride (Silicano, Silane)— Silico-cthane — Silico -acetylene. 

SiLicON AND the HaLOOENS. 

Bromosilieane — Dibroniosilicane — Silicofluorofonn — Silicochloroform — Silioo- 
bromoform — Silico-iodoform — Silicon Tetrafluoride — Hydrofluosilicio Acid 
and its Salts — Silicon Subfluoride — Silicon Tetrachloride — Silicon Tetra- 
bromide — Silicon Tetra-iodide — Mixed Halides of Silicon — Silicon Chloro- 
bromides — Silicon Chloro-iodides — Silicon Bromo -iodides — Halogen Deriva- 
tives of Silieo-cthanc — Halogen Derivatives of Silicopropane — Halogen 
Derivatives of Silicobutane — Halogen Derivatives of Silicopentane and 
Silicohexanc. 

Silicon Oxychlorides. 

Silicon Dioxide (Silica) — Occurrence — Quartz — Tridymite — Cristobalite — 
Amorphous Silica — Chemical Properties of Silica— Hydrates of Silica : the 
Silicic Acids — The Silicates. 

Silicon Oxyhydrides— Silioofonnio Anhydride — Silioo-oxalic Acid— SiHoomes- 
oxalie Aoid. 


176 



CONTENTS 


XV 

FAQB 


Silicon and Sulphue — Silicon Disulphide — Silicon Monosulphide— Silicon 
Oxysulphidc — Silicon Thiochloride — Silicon Thiobromide— Silicon Chloro- 
hydrosulphide — Silicothio-urea. 

Silicon and Selenittm— Silicon Selenide. 

Silicon and Nituooen — Silicon Tetramide — Silicon Di-imide — Silicon Nitrimide 
(Silicam) — Siliconitrogen Hydride— Silicon Nitrides. 

Silicon and Caebon — Crystalline Silicon Monocarbide (Carborundum) — Silicon 
Dicarbide — Silicon Carboxide. 

Silicon and Boeon — Sili^ on Borides. 

Dbtec’Tion and Estimation of Silicon. 

Chapter IV. Titanium and its Compounds 232 

Titanium — Occurrence — History — Preparation of Metallic Titanium — Physical 
Properties — Chemical Prope li; i es. 

Atomic Weight of Titanium. 

Compounds of Titanium. 

Titanii^m and Pluoeine — Titanium Trifluoride — Titanium Tetrafluoride — 
Hydrofluotitanic Acid and the Titanifluorides. 

Titanium and Chloeine — Titanium Dichloride — Titanium Trichloride — 
Titanium Tetrachloride — Titanium Oxychlorides — Compounds of Titanic 
Chloride. 

Bromides of Titanium — Titanium Tribromide Hexahydrate — Titanium Tetra- 
bromidc — Hydrobromotitanic Acid — Titanium Chlorobromides. 

Iodides op Titanium — Titanium Di-iodide — Titanium Tri-iodide — Titanium 
Tetra-iodide. 

Oxides and Hydroxides op Titanium — Titanium Monoxide — Titanium 
Sesqiiioxide — Titanium Dioxide — Titanic Hydroxides, the Titanic Acids — 

The Titanates. 

Titanium and Sulphur — Titanium Monosulphide — Titanium Sesquisiilphide — 
Titanium Disulphide — Titanous Sulphates — Titanium Sesquisulphate — 

Double Sulphates of Tervalent Titanium — Titanic and Titanyl Suli)hates. 

Titanium and Nitrogen — Titanous Nitride — Titanic Nitride — Titanainide — 
Titanium Nitrogen Halides — Titaninitric Acid. 

Titanium and Phosphorus — Titanium Phosphide — Titaniphosphorio Acid jand 
Salts. 

Titanium and Carbon — Titanium Carbide — Titanium Cyanonitride — Titanium 
Thiocyanates — Titanium Salts of Organic Acids — Titanium Sesquioxalate — 
Oxalates of Quadrivalent Titanium — Titanitartrates and Allied Salts. 

Titanium and Silicon — Titanium Silicide. 

Pertitanic Acid and the Pbrtitanates. 

Detection and Estimation op Titanium. 

Chapter V. Zirconium and its Compounds 260 

Zirconium — Occurrence — History — Preparation of Metal — Properties, 

Atomic Weight of Zirconium. 

Compounds op Zirconium — Zirconium Hydride. 

Zirconium and the Halogens — Zirconium Fluoride — Zirconium Double 
Fluorides — Zirconium Chloride — Zirconium Chloride Addition Compounds — 
Zirconium Oxychlorides — Zirconium Bromide — Zirconium Oxybromides — 
Zirconium Iodide-~Zirconium Oxy-iodide, 

Zirconium and the Oxygen Gbodp— Zirconium Sesquioxide— Zirconium Di- 
oxide — ^Zirconium Hydroxide, Zirconio Acid — ^Ziroonates — Zirconium Per- 
oxide and the Perzirconatc^ — Zirconium Sulphide and Oxysulphide — 
Zirconium Sulphates — Zirconium Sulphite— Zirconium Selenate — Zimonium 
Selenite. z 



xvi CARBON AND ITS ALLIES 

PAGB 

ZiECONiUM AND THE Nitbogen Gbohp— Ziroonium Nitrides — Zirconium Nitrates 
— Zirconium Phosphates. 

ZiBCONiUM AND THE Cabbon Gbottp — Zirconium Carbide—Zirconium Carbonates 
— Zirconium Organic Salts — Zirconium Silicide — Zirconium Silicate. 

ZiBOONiVM AND Bobon — Zirconium Boride. 

ZiBCONlUM AND VANADIUM, MOLYBDENUM, AND TUNGSTEN. 

Detbcjtion and Estimation of Zikconium. 


Chapter VI. Thorium and its Compounds 277 

Thorium — Occurrence — History — Extraction of 1’horium Compounds from 
Monazite Sand and other Minerals — Prejiaration of Metallic Thorium — 
Properties of Thorium. 

Atomk’ Weight of Thorium. 

Compounds of Thorium — Thorium Hydride. 

Thorium and the Halooe s — Thorium Fluoride — Thorium Oxyfluoride — 
Thorium Double Fluorides — Potassium Thorifluoride — Thorium Chloride — 
Thorium Oxychloride — Complex Thorium Chlorides — Thorium Bromide — 
Thorium Oxybromide — Thorium Iodide. 

Thorium and Oxygen — Thorium Dioxide — Metathorium Oxide — Thorium 
Hydroxide — Thorium 8uperoxide. 

Thorium and Sulphxtr — Thorium Sulphide and Oxysulphide — Thorium Sulphite 
— Thorium Sulphate — Complex Thorium Sulphates. 

Thorium and Selenium— Thorium Selenitc—Thorium Selenate. 

Thorium and the Nitrogen Group — Thorium Nitride — Thorium Nitrate — 
Complex Thorium Nitrates — Thorium Orthophosphate — Thorium Arsenates. 

Thorium and Carbon — Thorium ('arbide — Thorium Carbonate — Thorium 
Formate — Thorium Acetate — Thorium Oxalate — Thorium Tartrate — 
Thorium Acetylacetone. 

Thorium and Silicon — Thorium Silicide — Thorium Silicate. 

Thorium and Boron — Thorium Tetraboride — Thorium Hexaboride. 

Detection and Estimation of Thorium. 

The Kadioactivity of Thorium. 

Discovery — Thorium-X — Decay and Recovery of Radioactivity — Emanation — 

Active Deposit — Radiothorium and Mesothorium — Investigation of the 
Active Deposit — Thorium-A — Thorium-B — Thorium-C and Branching 
Disintegration — Thorium-D — Isotopy — Preparation and Utility of Meso- 
thorium- 1 — Chart of Disintegration Products — Table ; Thorium and its 
Disintegration Products. 


Chapter VII. Germanium and its Compounds 814 

Germanium — Occurrence — I^iscovery — Preparation — Properties. 

Atomic Weight of Germanium. 

Compounds of Germanium — Germanium Hydride — Germanium Tetra-ethyl-r- 
Germanium Chloroform. 

Germanium Halides — Germanous Fluoride — Germanic Fluoride — Hydrofluo- 
germanio Acid — Potassium Germanifluoride— Germanous Chloride — Ger- 
manic Chloride — Germanium Oxychloride — Germanic Bromide-— Germanic 
Iodide. 

Germanium and the Oxygen Group — Germanous Oxide and BD^oxide — 
Germanic Oxide — Germanous Sulphide — Germanic SulphidB — Germanium 
Ultramarine. 

Detection and Estimation of Germanium. 



CONTENTS 


xvii 

FAGJS 

Chapter VIII. Tin and its Compounds 323 

Tin — O ccurrence — Hist ory. 

MBTALLTJEaY OF TiN— Extraction in Dry Way — Extraction in Wet Way — 
Electrometallurgical Processes. 

Physical Properties — Tetragonal Tin — Grey Tin — Khombic Tin — Chemical 
Properties — Uses. 

Atomic Weight of Tin. 

Alloys of Tin — B ibliography of Tin Alloys. 

COMFOUNDS OF TiN. 

Organo-metallic Compounds — T in Tetramethyl— Tin Tetra-ethyl — Tin Tri- 
ethyl. 

Tin and the Halogens — S tannous Fluoride — Stannic Fluoride — Sodium Stanni- 
liuoride — Potassium Stannifluoride — Ammonium Stannitluoride — Stannous 
Chloride — The Stannichloridea — Stannous Bromide — Stannic Bromide — 
Stannous Iodide — Stannic Iodide — Mixed Stannic Halides. 

Tin and Oxygen — S tannous Oxide — Stannous Hydroxide — Stannic Oxide — The 
Stannic Acids — a-Stannio Acid and its Salts — /fi?-Stannic Acid and its 
Derivatives — Parastannic Acid — ^-Stannyl Chloride — Parastannyl Chloride. 

Tin and Sulphur — S tannous Sulphide — Stannic Sulphide — Thiostannic Acid 
and its Salts — Stannic Oxysulphide — Stannic lodosulphide — Stannous 
Sulphate — Stannic Sulphate. 

Tin and Selenium and Tellurium — T in Selenides and TeUuride. 

Tin and Nitrogen — S tannous Nitrate — Stannic Nitrate, 

Tin and Phosphorus and Arsenic — P hosphor-Tin — Stannic Phosphate or Pyro- 
phosphate — Tin Arsenides. 

Tin and Carbon — S tannioxalic Acid — Stannous Tartrate. 

Tin and Silicon and Tungsten — T in and Silicon — Stannous Tungstate. 

Detection and Estimation of Tin. 

Detection and Qualitative Separation — Estimation : Volumetrically — Gravi- 
metrically — Electrolytically. 


Chapter IX. Lead and its Compounds 365 

Lead — Occurrence — History. 

Metallurgy op Lead — Air Reduction Process — Carbon Reduction Process — 
Precipitation Process. 

Puripicawon of Lead— Softening — Desilverisation by the Pattinson, Rozan, 
and Parkes Processes — Electrorefining. 

Properties and Uses of Lead — Physical Properties — Allotropy — Chemical 
Properties — Composition and Uses of Commercial I^ead — Alloys of Lead — 
Bibliography of Lead Alloys — Physiological Action of Lead — ^Action of 
Water on Lead — Decay of Objects made of I«ad. 

Atomic Weight of Lead — Atomic Weight of Lead from Radioactive Sources. 

Compounds of Lead. 

Lead Alkyls — Lead Tetramethyl — Lead Tetraethyl — Lead Triethyl — Lead 
Tetraphenyl — Lead Ethoxide. 

Lead and the HALOOBNS--^Lead Fluoride — Lead Tetrafluoride — Hydrofluo- 
plumbic Acid — Lead Chloride — Lead Chloride Double Salts — Basic Lead 
Chlorides — Lead Tetrachloride — Ammonium Plumbiohloride — Lead Chlorite 
— Lead Chlorate — Lead Perchlorate — Lead Bromide — ^Lead Bromide Double 
Salts — Basic Lead Bromides — Lead Tetrabromide — Lead Bromate — Lead 
Iodide — Lead Iodide Double Salts — Basic Lead Iodides — liOad Tetradodide 
— Lead lodate — Lead Periodates. 



xviii 


CARBON AND ITS ALLIES 


PAQB 


Lead and Oxyoen — L ead Sub<ixide — Lead Monoxide — Lead Hy^oxides — 
Ijead Dioxide — Plumbic Acids — Hexahydroxyplumbic Acid and its Salts — 
Colloidal Plumbic Acid — Potassium Plumbate — Lead Plum bate — Calcium 
Orthoplumbate — Lt^ad Orthoplumbate, Red Lead — Motaplurabic Acid and 
its Salts — Calcium Metaplum bate — Lead Metaplumbate — Basic Lead 
Plumbate, 

Lead and Sulphur — I^ead Sulphide — Lead Sulphohalides — Lead Polysulphido 
— Lead Sulphite — Lead Sulphate — Basic Lead Sulphates — Lead Hydrogen 
Sulphate— Plumbic Sulphate — Lead Persulphate — Lead Thiosulphate — 
Lead Dithionate. 

Lead and Selenium — Lead Selenide— Lead Selenite — Lead Selenate. 

Lead and Tellurium — Lead Telluride — Lead Tellurite — Lead Tellurate. 

Lead and Nitrogen — Lead Azide — Lead Imide — Lead Hyponitrite — Lead 
Nitrites — Lead Nitrate — Basic Lead Nitrates. 

Lead and Phosphorus — Lead Hypophosphite — Lead Phosphite — Lead Ortho- 
phosphate — Lead Monohydrogen Phosphate — Lead Dihydrogen Phosphate 
— Lead Pyrophosphate — Lead Metaphosphate. 

Lead and Arsenic — Lead Arsenite — Lead Orthoarsenate — Lead Hydrogen 
Arsenate — Lead Pyroarsenate. 

Lead and Antimony — Lead Antimonate. 

Lead and Carbon — T^ead Carbonate — Basic Lead Carbonates — White Lead — 
Processes of Manufacture — Dutch Stack — English Stack — Chamber — 
French — American — Bronner’s — Milner’s — Bischof’s — Electrolytic — Pro- 
perties of White Lead — White lA^ad Substitutes — Lead Oroank’ Salts — 
Lead Formate — Lead Acetate — (Complex l^cad Acetates — Plumbic Acetate 
(Tetra-acotate) — Lead Oxalate — Lead Tartrate. 

Lead and Silicon — J^ iad Silicates. 

Lead and Boron — L ead Borates. 

Lead and Chromium — Normal Lead Chromate — Lead Dichromate— Basic Lead 
Chromate. 

Lead and Molybdenum — Lead Molybdate. 

Lead and Tungsten— Lead Tungstate — Lead Metatungstate. 

Lead and Uranium— Lead Diuranate — Lead Peruranate. 

Detecttion and Estimation of Lead — Detection in Dry Way — Detection in 
Solution — Estimation : Gravimetrically — Volumetrically — Electrolytically. 


443 


Name Index 
Subject Index 


456 



LIST OF CHIEF ABBREVIATIONS EMPLOYED 
IN THE REFERENCES 


Abbreviated Title. Journal. 

Afhatull. Fys, Kern, . Afhandlingat i Fysik, Komi ooh Mincraiogi. 

Amcr, Chem. J, . . American Chemical Journal, 

Amcr. J. ScL . . . American Journal o£ Science, 

AmL Fis. Qulnu . . Anales de la Sociedad Espahola Fisica y Quimica. 

Analyst .... The Analyst. 

Annalen .... Justus Liebig’s Annalen der Chemio. 

Ann. Chim. . . Annales do Chimie (1719 1815, and 1914 4*)* 

Ann. Chim. anal. . . Annales de Chimie analytique appliquee k ITndustrio, A 

r Agriculture, k la Pharmacie, et a la Biologie. 

Ann. Chim. Phys. . . Annales de Chimie et do Physique (Paris) (1819-1913). 

Ann. Alines . . Annales dcs Mines. 

Ann. Pharm. . . Annalen der Pharmacie (1832-1839). 

Ann Phys. Chem. . Annalen der Physik und Chemio (1819-1899). 

Ann. Physik Annalen der Physik (1799-1818, and 1900 +). 

Ann. PhysUCf BeihL . Annalen der Physik, Bei blatter. 

Ann. Sci. Univ. Jassy . Annales sciontiiiqucs do I’Universite de Jassy. 

Arbeiten Kaiserl. Gesundheits- 

amie .... Arbeiten aus dem Kaiserlichen Gesundheltsamte. 

Arch. exp. Pathol. Pharmak . Archiv fiir expcrimentcUe Pathologie und Pharmakologie. 
Arch, Pharm, . . Archiv dor PharmarJe. 

Arch. Set. phys. not. . Archives des Sciences physique et iiaturelles, Geneve. 

Atii Acc. Torino . Atti della Keale Accademia delle Scienzo di Torino. 

Atti R. Accad. Lincei . . Atti della Realc Accademia Linoei. 

B,A. Reports . . British Association Reports. 

Ber. ..... Berichte der Deutschen chemischon Gesellschatt. 

Bcr. Akal. Ber. , , Beo SUzungsher. K. Akad. 11 Berlin. 

Ber. Dent, physikal. Oes. Berichte der Deutschen physikalischen Gesellschaft. 

Bot. Zeit, .... Botanische Zeitung. 

Btdl. Acad, Set. Cracow . Bulletin international de I’Academie des Sciences dt* 

Cracovio. 

BuU. Acad. roy. Belg. . . Academic royalo de Belgique— Bulletin de la Classe des 

Sciences. 

BuU. de Belg. . Bulletin de la Spci4t6 chimique Belgique. 

Bull. Soc. chim. . Bulletin de la Socidtc chimiquo de France. 

BvJU. Soc. franf. Alin. . Bulletin de la Sooi^t^. fran^aise de Min<5ralogic. 

Btdl. Soc. min. de France . Bulletin de la Society mineralogique de France. 

Bull, U.S. Geol, Survey . Bulletins of the United States Geological Survey. 

Centr. Alin. . Oentralblatt fiir Mineralogie. 

Chem, Ind, . . . Die Chemische Industrie. 

Chem. News . . Chemical News. 

Chem, Weekbktd . . Ohemisoh Weekblad. 

Chem. Zenlr. . , . Chemisches Zentralblatt. 

Chem, Zeit, . . . Chemiker Zeitung (Ccithen). 

Compt. rend, • . . Comptes rendus hebdomadaires des 8<^anoe3 de T Aoad^mie 

dos Sciences (Paris). 

Crete s Annalen . . . Chemische Annalen fiir die Freunde der Naturlehre, vun 

L. Crelle. 

JOingl. poly. J, • . . DinglePs polytechnisches Journal. 

Drude*s Annalen • . Annalen der Physik (1900-1906). 

Rleetroch, Mel. Ind » £3ectroobemical and Metallurgical Industry. 

xix 



XX 


CARBON AND ITS ALLIES 


ABBBBVlATfiD TiTLS« 


JOITEKAL 


Eng. and Min. J. 

QatzeUa .... 
QthUn's AUg. J. Chem. 
Gilbert* 8 Annalen 

Oiom. di Scienze Naturali ed 

Scon 

Oeol. Mag. . " . 

Int. Zeitach. Metdllographie . 
Jahrb, kk. geol. Heickaanat. . 

Jahrb. Miner. 

Jahreaber 

Jenaiache Zeitach. 

J. Amer. Chem. Soc. . 

J. Chem. Soc. 

J. Chim. phya. . 

J. Qaabeleuchiung 
J. Geology .... 
J. Ind. Eng. Chem. 

J. Inal. Meiala . 

J. Miner. Soc. . 

J. Pharm. Chim. 

J. Physical Chem . 

J. Physique 
J. prakt. Chem. , 

J. Ruaa. Phya. Chem. Soc. . 


J. Soc. Chem. Ind. 

Landw. Jahrb. . 

Mem. Paris Acad. 

Mon. acient. 

Monaiah. , 

Munch. Med. Wochenachr. . 
Nuovo dm. 

Ofvera. K. Vet. -A kad . Forh. . 

Oeaterr. Chem. Zeil. 

PfiUgefa Archiv . 


Pha/rm. Zenir.-h. . 

Pharm. Post 
Phil. Mag. 

Phil. Trana. 

Phya. Review 
Phyaibal. Zeitach. 

Pogg. Annalen . 

Proc. Chem. Soc. 

Proc. K. Akad. Weienaeh. 

Amaterdam 
Proc. Roy. Irish Acad. 

Proc. Roy. PhiL Soc. Olaagow 
Proc. Boy. Soc. . 

Proc, Roy. Soc. Edin. . 

Reo. Trav, chim. 



Engineering and Mining Journal. 

Gazzctta ofaiDiica italiana. 

AUgemeines Journal der Chemic. 

Annalen der Physik (1799-1824) (continued as Pogg. 
Annalen). 

Giomale di Scienze Katurali cd Economiche. 

Geological Magazine. 

Internationale Zeitschrift fiir Metallographie. 

Jahrbuch der kaiserlich-koniglichen geologischen Reichsan- 
stalt. 

Jahrbuch fiir Mincralogio. 

Jahrcsbericht iiber die Fortsclirittc der Chemie. 

Jenaiache Zeitschrift liir Naturwissenschaft. 

Journal of the American Chemical Society’. 

Journal of the Chemical Society. 

Journal do Chimie physique. 

Journal fiir Gasboleuchtung. 

Journal of Geology. 

Journal of Industrial and Engineering Chemistry. 

Journal of the Institute of Metals. 

Mineralogical Magazine and Journal of the Mineralogical 
Society. 

Journal do Pharmacie et do Chimie. 

Journal of Physical Chemistry. 

Journal de Physique. 

Journal fiir praktischo Chemie, 

Journal of the Physical and Chemical Society of Russia 
(Petrograd). 

Journal of the Society of Chemical Industry. 

Land wi rtschaf tl icho J ahrbiicher. 

Memoires pr4sent<^8 par divers savants k I’Academie des 
Sciences de I’lnstitut do France. 

Moniteur scientifique. 

Monatshofte fiir Chemie und verwandte Theilo anderer 
Wissenschaften. 

Miinchener Medizinische Wochcnschrift. 

II nuovo Cimonto. 

Of\ ersigt a! Kongliga Veteiiskaps-Akademiens Fuihand* 
lingar. 

Oesten-eichischo Chemiker- Zei tung. 

Archiv fiir die gesammto Physiologic des Menschen und 
der Thiei’e. 

Pharmazeutische Zentralhalle. 

Pharmazoutisohe Post. 

Philosophical Magazine (The London, Edinburglj, and 
Dublin). 

Philosophical Transactions of the Royal Society of London. 
Physical Review. 

Physikalische Zeitschrift. 

PoggendorfPs Annalen der Physik und Cliemie (1824- 
1877) (continued as Wied. Annalen). 

Proceedinj^ of the Chemical Society. 

Koninklijke Akademie van Wetenschappen te Amsterdam 
Proceedings (English Version). 

Proceedings of the Royal Irish Academy. 

Proceedings of the Boyal Philosophical Society of Glasgow 
Proceedings of the Royal Society of London. 

Proceedings of the Boyal Society of Edinburgh. 

Beoueil des Travaux chimiques des Pays-Sis et de la 
Bel ique. 

Reports cf the Boyal Institution. 

Journal fiir Chemie und Physik. 



LIST OF CHIEF ABBREVIATIONS 


xxi 


Abbbbviatbd Title. 


JoUBITAL. 


SUzungsber. K, Akad, Wiss, 
Berlin 

SUzungsber » K, Akad, Wise, 
Wien 

Sci, Proc» Roy. Dubl. Soc. . 
Techn. Jahreaber. 

Trans. Amer, Electrochem, 
Soc. 

Trans. Chem. Soc. 

Trans. Insl, Min. Eng. 

Trav. et MSm, du Bureau 
intern, des Poids et Me^. 
Verb. Qes, deut. Naturforsch. 
Aerzte 

Wied. Annalen . 

WissenschafU. Abhandl. 

phys.4ech. Reichsanal. 
Zeitsch, anal. Chem. . 
Zeitsch. angew. Chem. . 
Zeitsch. anorg. Chem. . 
Zeitsch. Chem. , 

Zeitsch. Chem. Ind. Kolloide. 

Zeitsch. Elektrochem. , 
Zeitsch. Kryat. Min. . 
Zeitsch. Nahr. Oenuss-m. 

Zeitsch physikal. Chem. 

Zeitsch. physiol. Chem, 
Zeitsch. toiss. Photockem. 


Sitsungsberiohte der Koniglich-Preussischen Akademie der 
Wiasenschaften zu Berlin. 

Sitzungsberichte der Kbniglioh < Payerisohen Akademie 
der Wissensohafton zu Wien. 

Soientifio Proceedings of the Royal Dublin Society. 

tfahresbericht iiber die I<eistungon der Chemischen 
Teohnologio. 

Transactions of the American Electrochemical Society. 

Transactions of the Chemical Society. 

Transactions of the Institution of Mining Engineers. 

Travaux et Memoircs du Bureau International des Poids 
et Mesures. 

Vcrhandlung der Gesellschaft doutscher Naturforscher 
und Aerzte. 

Wiodermann’s Annalen dor Physik und Chemie (1877- 
1899). 

Wissenschaftlichc Abhandlungen der physikalisch-tcoh- 
nischon Eeichsanstalt. 

Zeitsohrift fiir analytische Chomie. 

Zeitschrift fiir angewandto Chemie. 

Zeitschrift fiir anorganische Chomie. 

Krilischo Zeitschrift fiir Chemie. 

Zeitsohrift fiir Chemie und Industrie des Kolloide (con- 
tinued as Kolloid-Zeitschrift). 

Zeitsohrift fiir Eloktroohemie. 

Zeitsohrift fiir Krystallographie und Minoralogie. 

Zeitsohrift fur Untcrsuchung der Nahrungs- und Genuss* 
mittel. 

Zeitschrift fur physikalische Chemie, Stoehiometrie und 
Verwandtachaftslohre. 

Hoppo-Seyler’s Zeitschrift fur physiologische Chemie. 

Zeitschrift fiir wissenschaftlichc Photographic, Photo* 
physik und Photochemie. 




TABLE OF DATES OF ISSUE OF JOURNALS 


For the sake of easy reference, a list is appended of the more 
important journals in chronological order, giving the dates of issue of 
their corresponding scries and volumes. In certain cases the volumes 
have appeared with considerable irregularity; in others it has occa- 
sionally happened that volumes begun in one calendar year have 
extended into the next year, even when this has not been the general 
habit of the series. To complicate matters still further, the title-pages 
in some of these latter volumes bear the later date — a most illogical 
procedure. In such cases the volume number appears in the accom- 
panying columns opposite both years. In a short summary of this kind 
it is impossible to give full details in each case, but the foregoing 
remarks will serve to explain several apparent anomalies. 


Year. 

Amor. 
J. Sci. 

i . 

«3 

Ann. 

Min. 

Arch. 

Pharm. 

Dingl. 
Poly. J. 

Gilbert’s 

Annalen. 

J. Pharm. 
Chim. 

Phil. 

Mag. 

Phil. 

Trans. 

. a 
tjoJi 
bi. a 

P- a 

1800 


(1)32-35 




4-6 


5-8 

90 


1 


86-39 




7-9 


8-11 

91 


2 


40-43 




10-12 


11-14 

92 


3 


44-47 




13-16 


14-17 

93 


4 


48-51 



... 

16-18 


17-20 

94 


1806 


62-55 

... 



19-21 


20-28 

95 


6 


56-60 




22-24 


23-23 

96 


7 


(51-64 




25-27 


26-29 

97 


8 


65-68 




28-30 


29-32 

98 


9 


69-72 




31-88 

(1)1* 

33, 34 

99 


1810 


73-76 




31-36 

2 

35, 30 

100 


11 


77-80 




37-39 

3 

37, 38 

101 

... 

12 


81-84 




40-42 

4 

39, 40 

102 


13 


85-88 




43-45 

5 

41 , 42 

103 


14 


89-92 




46-48 

6 

43, 44 

104 


1815 


93-96 




49-51 

(2)1 

45, 46 

105 


16 


(2) 1-3 




52-54 

2 

47, 48 

106 


17 


1 4-6 

b 2 



55-57 

3 

49, 50 

107 


18 


7-9 

3 



58-60 

4 

51, 52 

108 


19 

(i)'i 

! 10-12 

4 



61-63 

5 

53, 54 

109 

... 

1820 

2 

i 13-15 

5 


1-3 

64-66 

6 

55, 56 

110 


21 

3 

16-18 

6 1 


4-6 

i 67-69 

7 

57, 58 

111 

... 

22 

4,6 

19-21 

7 

1, 2 

7-9 

70-72 

8 

59, 60 

112 1 


23 

G 

22-24 1 

8 

3-6 

10-12 

73-75 

9 

61, 62 

113 ; 

... 

24 

00 

26-27 1 

9 1 

7-10 

13-15 

76 

10 

63,64 

114 

b 2 

1826 

9 

28-30 1 

10, 11 1 

11-14 

16-18 

• 

11 

65, 66 

115 

3 5 

26 

10 , a 

31-33 j 

12, 13 

16-19 

19-22 1 gg g 

12 

67, 68 

116 

6-8 

27 

12 

34-36 

(2)1,2 

20-23 

23-26 - 

13 

(2)1, 2 

117 

9-11 

28 

13, 14 

37-39 1 

3, 4 

24-26 

27-80 

9 « *= 

14 

3, 4 

118 

12-14 

29 

15, 16 

40-42 

5, 6 

27-30 

31-34 |o 

16 

5, 6 

119 1 

15-17 


* First series known hs Bulletin de Bharmacie, 


xxiii 




xxiv 


CARBON AND ITS ALLIES 


l-sl 

In 

.•Swl 

OQ P 




© 
fH - 
CM 

r-l -Ik 
© I- © r-l ^ 

Mf* ©“ ©** d CM 
fH r-k 

© CM t- © © 

IH CM CM © © 

1 i 1 1 1 

© © © © Njk 

rH rH CM CM © 

■K . S j 

: : ; : : 



. . ^ CM © 

* * rn" ©" 

CO rfk © © In. 

00 a» 0 rH CM 

rH rH rH 

III 

: :*-< « : 

; i 00 ; : 

1 • • NMk : 


. . In. 

’ © 

0 

© © © •^ 

© 

. a 

bO « 

® a 
o a 
§ 

o CO to o CO 

M M C'» C9 eo 

1 1 1 1 

00 rH t-.. rH 

i-i 04 04 (N 00 

«£> © IN >A 00 

CO CO M* '«» N*. 

t 1 ; 1 1 

^S, o CO o 

00 CO rk* Njt >icfi 

r-k N<* r*. o © 

© © lA t(j> © 

© Cl © OO r-k 

'^ © © © © 

© © CM © © 

© to IN. In. (» 

•ik 1 ^ O CO © 

© © 1 - l» In. 

r-f Nl* In. O © 
© © © © © 

1 1 1 1 1 
© CM © © rH 
In. © © <X> © 

© © © 

© © 0 0 0 

© © IH rH rH 

1 1 1 1 ! 

NH In. 0 © © 

© © 0 0 0 

fH fH fH 

• oi 

O »- (N eo 

Cl (N <N IN 

rH i-« r-( r«» i-H 

kA «0 I'* 00 © 
CM CM Cl CM 01 

rW tH fH rH 

O r-k Cl © nH 

© CO © © w 

©©!-.©© 

W « W © « 

r-k r-. r-k fH r-k 

O iH CM « NH 
-ik Nik Nf H* nh 
rH iH iH iH fH 

© © IN. © © 

Nik N |1 HI Njk 

fH r— f tH rH rH 


o 

•30 r-1 — kCi 

W 0» •^CN 

r-< 

rH CO kA 

»«- © r-k r-1 i-k 

«) 00 O CM '!f’ 

In. © r-t © © 

r1 r- Cl © © 

© 00 O CM NiT 
r-t r-1 CM Cl Cl 

1 - © r-k CO © 

CM Cl © © © 

to ©"^ d CM*" NiJ 
© © « © © 

I- Cl 

CO ^N|k © © 

to _ ©'©‘"w 

© Hk 

0 « ^ © © 

© rH © »a" |N^ 

* -u‘ 

§.l 






rH 

: © 

J. 

prakt 

Chem. 

• . . -CO 

• * * * 

C 4 kA GO 
to © r-» t-k i-k 

1 1 1 1 1 
N!t« tN. o CO © 

r-k rH r-k 

r-k Nik !>. O W 
CM Cl «N W © 

1 1 1 1 1 
© CM © © t-k 
r-f Cl CM CM © 

© © Cl © © 

© © ^ <Njk Njk 

1 1 1 1 1 

Nik 1.. o © © 

CO © Nik ^ Nik 

fH In. O © 
© © © © © 

1 1 1 1 1 
© CM © © rH 
Nik © © © © 

© © © © © 

© © In. In. W 

1 1 1 1 1 

Nik In. <£> © © 

© © iH 1.. 

• § 9 

toi>. oo a> o 

rH »H i-l Ol 

r-k (N CO Nik lA 
Cl CM CM Cl CM 

CM 

rNik !SO 
© I*- r-1 

W 

O Cl Nik © 

© rH r-k fH r-1 

« O Cl -«k © 
fH Cl Cl Cl CM 

© 0 CM Njk » ; 

(M © © © © 1 

w C 9 *2 

In. C> |4 W © 

I- » rk eo © 
fH rH Cl CM Cl 

iC© rH ©lA 

CM Cl © © © 1 

Dingl. 
Poly. J. 

00 (M © ■e' 

CO ^ lO UO 

1 1 1 1 1 
kA © 00 00 rH 

CO CO ’ 0 * O 

00 CM © O Njk 
© © © In, 4 n. 

i f T 1 1 

kA © CO 1 ^ »-k 
© © © © In. 

© CM © O Nkk 
In. © © © © 
f 1 • 1 1 

»A © © IN, r-k 
i.» |N, 00 OO a, 

CM © O Nik 
© O O r-l r-k 

© iH r-k »H r-k 

1 1 1 1 i 

© © © In. rM 

© © O O ^ 

© CM © O Nik 

rH CM Cl © © 

»H fH PH iH rH 

1 1 1 1 1 
© © © In. iH 
f-H rH CM CM « 

rH rH fH fH rH 

© CM © 0 Nik 1 

© N|k HI © © 

f-N rH rH i-H rH i 

i 1 1 1 1 

© © © 1 -. rH 1 

© CO N}k Nik © 

fH fH fH fH fH 

Compt. 

rend. 


CO © In. © 
r*N 

Cl N*. © 00 

rN © © IN, © 
r-) T—l rH rH 

O Cl Nik © © 

r-k © © In. © 

Cl Cl CM CM CM 

d cf Nd” CO OO 

CM CM CM Cl CM 

fH © »A |N« © 
© © © © © 

d CM niT ©’^ © 
© © © © © 

iH © © In. OS 1 

Nl« Nik Nl* Nil nk 

d CM d d ©’' 

-H Nik -Ik N|k Nl* 

9 ’ 8 | 

1 ' * 


: i i : i 



1 ; J fH rH 

4 i 

[ © CO In. O 

22 m 

1 (to CO ^ ^ 

i 222 TL 

Nik © Cl © O 

© CM « CO NSk 

jkkUSI 

CM CM Cl © © 

NJ< © © © O 

Nik Nik © © © 

1 1 1 1 t 

r-1 © © « In. 

NH Nik Nik © © 

N|k © CM © O 

© 17 ‘Y 

tH©©«|n. 

© © © tN.tN, 

Nik © © © S 

nnii 
© © © © © 

d 1 

<N 

«? 

In. •^-.eoko 

CO 

O CM nH © 
« iH f-H r-l »-( 

cnT ©"’ t-k CO © 

© O CM 
r-k CM r.'kf © 

•n. © ^« »A* 
r-krN;^ 

O © Ml* © 

© rH rS iH r -1 

*-. © IH W © 

© 0 CM 

rH © ..Nik © 

r. « - 

l>.©r-.©»A 

fH fH © 

0 CM Nik © 

© iH f-i rH fH 

Ih © tH © © 

M d 90 

3 |^ 

-«6£ 

tA 00 rH kA 
*ii< WO kA kA 

o 4 to oL c!i eL 

'Wt NK lA kA 

O CO © © Cl 
© © © © In. 

© rt Jk tJ, 

kA©©©tN. 

»« *? CM 

1 1 1 J 

© tN. 6 

© r-k 

© © fH Nil !>. 

33 n 2 

rH fH r-l CM Cl 

0 © © © CM 

CO CO « w Mil 

00 rH NiH., 0 
Cl © © © Nik 

© © fH -iiiNi 

5Sg§gS 

§ 

1 

a 

•<1 

ei 

: ■.rj'T 

’ rH kA © 

© O nH © CM 
CM CM Cl CO 

oi ti rH ki © 

»H r-» CM Cl CM 

© © NH © CM 

© In. r-k © © 
© © Nik n* Nik 

© O Nik « CM 
© t^ to CD In. 

CO In. fH © © 

© © © © © 

© 0 N(f © CM 
17 00 00 00 Cf 

© In. rH © © 
I- b* « © © 

0 Nl. © CM 
© 0 0 0 fH 
© fH rH fH rH 

©©000 

iH rH rH 

sj 

a-^l 

00 O <N 

r-t <N (N 04 c 5 

l'^ © rH CO ui 
i-i rH N (N IN 

©r-ke 0 ©fN. 

CM © © © M 

© O CM Nik OP 

Cl W « © © 

©r-k©©**- 

© NK Nik Nik ^ 

© O © Mlk © 
© Nik Nik NT -Nik 

® ^ Nf © © 
r - r 

oo r:::^eo ©c-N 

Nik CM 

0 CM Nik © © 
rH rH rH fH rH 

© fH © © |> 
rH rH fH fH 

0 CM N|k © © 1 

CM CM CM CM © 1 

© rH « © tC 

rH CM CM CM CM j 

s 

PN 

O »-t CM CO Nik 

CO ec 00 CO CO 

00 

r-k 

© © I- « © 

n CO CO CO eo 
© 

© r-1 CM© 

Nil Nik Nik ^ Nik 
© 

©©!-»©© 

NB* Nf -i* N|k Nik 
© 
fH 

0 fH CM © Nik 
© © ©© © 
© 
rH 

©©^N.©© 

© © © © © 

2 


Often referred to by Series : Series 3, vols. 1-16, 1871-1886 ; Series 4, vols. 1-24, 1887-1910 ; Series 5, vols. 1-9, 1911-1919 (one vol. yearly). 




TABLE OF DATES OF ISSUE OF JOURNALS 


XXV 




:r-ic^co’ a o rH «M « 


Chem. 

Trade 

J. 

. . . ,, 000 ! 

■*’ * 

d ao 

i ^ 

0 

C9 to (XI f-i 

01 <0 CO 0 

r-i r-. r-t rH W 

a to CO Cf 

CJ W M Cl CO 

CJ eo 00 0 

CO <0 CO CO 

CJ «3 00 0 

rl* Tfi ^ 

d ^ lUS 00 0 

jCS >0 JO JO JO 

S cj 

1 - 4 ' eo krt ts. oi 

•f-TeTiSlC^ 

I-H »H rH rl »H 

I-I CO »>- Oi 

CJ (N (N (N CJ 

t-< CO Ifi <>- d 

CO 00 CO CO CO 

^ CO JO t'TaT 

^ ^ ^ 

rH CO JO tC OS ! 

JO JO JO JO JO 

Bull. Soc. 
chim. 

w 

d CO »o .. 

0 M 

■«<»< <0 00 rH f-H 

CO OS r-t 

«0 00 0 Cl 

rH r-< rl Cl CJ 

co'' wo w oT 1-4 

rH r-. rH r-» d 

-O* CO 00 0 CJ 

Cl Cl CJ CO eo 

CO** Jits' oT r-T 
Cl CJ CJ Cl CO 

00 0 CJ 
CO CO eo *«j< "i* 

CO JCS l>- 0 > r-« 
CO CO CO CO Tjl 

Ht* «o 00 0 j 

^ -ij JO d j 

CO JO t-T os' rn’ , 

'cli rji Til ^ 

eo 








Ber. 


: : : 

CO -th JO *,0 

00 0 > 0 r-i CJ 

cO'«c<ja«oi'- 

rH r-« r*< 1 — ( rS 

00 OS 0 rH Cl 
rH PH d CJ Cl 

li 

101-104 

105-108 

109-112 

113-116 

117-120 

121-124 

125-128 

129-132 

133-136 

137-140 

141-144 

145-148 

149 - 150 , 201 *' 
201-203 
204-205 

206, 207 
208, 209 
210, 211 
212, 213 
214, 215 

t". OS 

Cl CJ 0 rH CJ 
.. *01 CJ Cl 
CO 00 Cl CJ CJ 

CJ Cl 

(SOr*lJOCOI>- 
d d d d CJ 

CJ d CJ d d 


a 9 

a a 


i-.Oii-tco»ri wo»r-icokO wor-tcom t>-oir-iooo 


Ann. 

Chim. 

Phys. 

0 eo CO OS 
to «o «o so CO 

1 1 1 1 1 

00 rH rH 

lO CO SO SO 

HJJ 

d J£S 00 
50 OS rH ,-H i-H 

1 1 1 1 1 

H#j w 0 w SO 

19-21 
22-24 
25-27 
28-30 
(5) 1-3 

4-6 

7-9 

10-12 

13-15 

16-18 

19-21 
22-24 
25-27 
28-30 
(6) 1-3 

4-6 

7-9 

10-12 

13-15 

16-18 

§-• 

■gg: 

j PH d CJ CO 

Hd 

JO SO • 
CO 

1 00 • • 



: i : : i 

a 

9 

so 0 00 CJ 

rH CJ d CJ CO 
rH rH rH rH ^ 

so 0 00 Cl 

W ^ ^ ^ JO 

SO 0 •*u 0 HU 
JO so so *<«. I'. 

rH rH rH rH rH 

175-179 

180-183 

184-189 

190-194 

195-199 

JO 0 JO rH so 
0 rH rr d CJ 
OJ d Cl Cl CJ 

rH so d os JO 

CO eo hu hu JO 
d d d CJ Cl 

3 

o 

eo ri rH jA cft 

rH rH d Cl CJ 

0 rH rH rn rH rH 

ei li rH JO OS 

CO CO H|t HJJ 

rH rH rH rH rH 

eo rH JO rH 

JO JO SO SO 
rH rH rH rH rH 

0 SO rH 50 Cl 
0 0 rH PH d 
d d d CJ Cl 

li d ti eo 0 

d so CO HU JO 
d CJ d d Cl 

§ 










: r-H d CO 

JO SO !>• 00 OS 

0 rH d W ^ 

< 







ti 

0 d HU 50 00 
CO CO SO 00 CO 

0 Cl HI< SO 00 

HP rj» HU Tt« 

0 

JO d HU SO 00 

0 d HU SO CO 

rH rH rH PH «H 

0 CJ HU SO 00 
d CJ d CJ d 

0 CJ HU SO o) 

CO CO 00 00 50 

ch,* 

OS rH eo JO isT 

CJ eo eo 00 eo 

OS rH eo" JO' J>H 
CO Hf HU HU HU 

oT rH eo" jo' *>» 

w 

OS PH Co' JO tHi 
rH rH rH rH 

os" rH* CO* Jcf 

IH d d d d 

os' — « CO JO JH* 
d CO eo CO 50 

li 




; ; J ! rH 

d CO HU JO SO 

f-Tci* eo HU JO 

!>. 00 

^ ^CS 0 rH 

so t'r 

1' 

>J ^ 

0 rH d CO H|1 

50 00 50 50 <D 
CO 

JO so S'* 00 OS 

50 igt 50 50 50 

GO 

rH 

0 rH d eo hU 

||;h !>. I-. Oi In. 
00 

JO so tH 00 os 

1-* W J-r C- 

00 

0 rH d eo HU 

00 GO CO 00 00 

00 

10 50 Is. 00 OS 

SO £ 00 CO CO 

00 


Joining series 1 and 2 together. Also written as (3) 1, 2, 3, etc. 



XXVI 


CARBON AND ITS ALLIES 


O CM «0 00 © <N to OO 

CO CO CO w eo ^ ^ 


© r-» eo wri t>. 


kO GO T (4 to 00 
oT i-i eo* lo 


o> rx eo to t» 


^ CO va I". © »H 
^ r-l r-i rH (N 


* ot-^eoooo 

; I*-* <N>«J<© 00 » rH I-) I-I(N 


C= 

^ g 


■i(NeO'<tO CDl>.CO©0 


s g-d 

W S G 


; r-4 W CO «1« lO CO r- 00 


Jill 

.cuo'^ 


;f-i weo-^uoco t>.00©Or-H 


s 

gj 

To 

•«-< 'Ij* !■>. O CO 

OC C 4 ) 00 © 0 > 

1 1 1 1 1 
© OOO CO r-« 

00 00 00 © 

94-96 

97-99 

100-102 

103-105 

106-10S 

W to 00 S 

r-i CO lA © 

N ^ to 00 o 

PH rH r-l i-i © 

tr-i cd »A © 

(N ^ to 00 O 
d Cl Cl Cl CO 

1-4 V> »A In. © 

Cl Cl Cl d Cl 

Cl ^ to 00 r, 

CO eo CO CO " 9 * 

r-T CO" vcT In © 

CO CO CO M CO 

a . 

c 3 S 
X'S 

«^o 

CO O CM ^ to 

eo '<f< ■« 9 < 

!>• © rH CO 

CO CO xr rr 

o 

CSI ^ to 00 r-t 

»H CO lA t'- © 

c<i '•jt © 00 o 

1 — ( f~( rH »-* (N 

I-I to 1 *^ OJ 

r-H t — 1 rH 

<M to 00 O 

Cl Cl Cl Cl CO 

r-T cd" »a’ In ©“ 
Cl (M © Cl Cl 

o 

d ^ to 00 r-t 

r-T CO ud In oT 

d to cc o 

r- PH pH i~i Cl 

r-i CO i.O l>r Oi 
r-n 1 ^ r*i rM r*i 

*-9 





*A 


J. Ghem. 
Soc. 

: ; ITS «0 I'. 

00 © o r-i © 
rx rH <M CMOI 

eo rf* VA to w 
(M Cl <M d <M 

O Cl © 

Qp CO CO eo CO 

©" rn" ed lA 

Cl CO CO CO 

00 o d ^ to 

CO TJI .<ji T(i rn 

In © PH CO VA 

eo eo ^ 'f ^ 

00 O Cl Niji CO 

NCt lA lA »A VA 

IN © P-Tiyd »A 
m VA lA *A 

J. Amer. 
Chem. 
Soc. 


: : : : : 


: : i 

Cl CO 'tf VA to 

In 00 © O rH 

i 







1 



: r-l (N CO «•(« 

VA © In CO © 

O ^ d M 

VA to Ih 00 © 

o 







p£ 

00 <N to O '<»* 

iO to CO 

»«H rH r-t r-t rH 

trt © CO »H 

1 lO lO CO to 

1 pH I-* fH r-t 

175-178 

179-182 

183-186 

187-190 

191-194 

195-198 

199-202 

203-206 

207-210 

211-214 

215-218 

219-222 

223-226 

227-230 

231-234 

235-238 

239-242 

243-246 

247-250 

251-254 

OO d to o ■<♦ 

UO to ^ In In. 

d d d d d 

VA © eo In PH 

vA VA to to In 
d d d d d 

a ^ 

as 

i 

1 CO »ft © 

lO kO VO kA ^ 

»-< CO vA t'* © 

© © «o to to 

*-4 CO VA tN. © 
4 '* 4 >, *>. iH 

r .4 CO >A In © 

CO 00 OO 00 00 

pH CO vA In © 

© © © © © 

p -4 eo lA In © 

o o o o o 

o 01 to od 

VA vA vA vA kA 

o" ^ CO 00 
O ^ to ^ tD 

o © V to oo" 

W »'« IN. 

O" cf to OO 

00 00 CO 00 00 

O d o' 00 
© © © © 

o' d © 00 
o o o o o 

rH p -4 pH PH rH 

Year. 

O r-t (N CO 'tJ* 

<0 ^ to to to 
00 

kT) to 00 a» 
tp to to to to 

CO 

o »-* c» eo 

»■» l> !>. I> C* 
00 

VA to In 00 © 

^ W In W 

CO 

o tx d eo 
eo 00 oo oo 00 
oo 

VA to In 00 © 

© 00 00 00 00 

OQ 


* See footnote, p. xxiv. 



TABLE OF DATES OF ISSUE OF JOURNALS 


xxvu 


* I-H (M « ^ Ci 


r-t o eo 

.<N»AOO — ^ r-i (M M 

: » : I • . I I I 

‘f^eoco O}W»ft00p-« 


«o 00 o> o »-< N eo ift «o 00 . 
J, ^ ^ .hO^CSKNO <N !N W W oT 

ooo>o»-iC« co^»r>»>. . 

*-lrHr-t rli— C^OHN (NC^WWot^ 


^ r- O «0 <0 OiCitii 


< 1-4 Cl CN <N eo CO CO 


o CO to e» IS irj oi 

IC3 lO kO lA 0 s » 

32 32 l|?| 

^ »A lA u-i g 91 5 
i-» •-« rlr^ o * 


1885 176 ... 1 38,39 ^ ... 4 91,92 5 24-26 24 ... 10,11 

86 177 ... 2 40,41 5 ! 93,94 6 27-29 25 ... 11,12 

87 A. 178 ... 3 42, 43 ... 6 | 95. 96 7 30 32 26 ... 12. 13 

88 179 ... 4 43. 44, 45 ... 7 ! 97 8 S 33 35 27 1 13, 14, 15 

89 180 ... 5 45, 46, 47 ... 8 j 98 9 * 36 38 28 2 ' 15 


CARBON AND ITS ALLIES 


xxviii 




pH CO lO 05 

PH CO »ft IH, 05 

pH CO US J>. © 

pH TO © iH © 


pH eo © t> © 

. 


d Cl d d Cl 

CO CO eo CO 00 

H»i hT HT hT Htft 

© © © © © 


© to ©TO © 






pH pH pH pH pH 


^ r-* rH r*4 r-t 

ii 

o’* CM** «r (xT 

O d ■'^ to 00 

o' cr H«r to otT 

o d HT © OO 

o" d" -ksT ©" 00 


O cf HT* TO to" 

6 ^ 


Cl Cl d d d 

eo CO eo CO CO 

HIT net 

© lA © © © 


TO to © © TO 

fH »H f«*t 

rH r-H r-H r-4 

r*H t-h r-< 

pH pH rH pH i—i 

pH pH r<* pH pH 


pH PH r- pH pH 


••it kc to 1'- on 

os O pH d 50 

•Hr 4CS to tp> CO 

© O PH Cl CO 

kif © © ts. TO 


© O pH d CO 

i a.' 


PH d Cl Cl Cl 

d d d Cl Cl 

d CO CO SO CO 

CO TO CO eo TO 


CO H»k rf kkC HT 












; hT US © 

tH TO © O PH 


d 5 0 Hf © TO 








pH pH pH rH PH 

a> 

?H CC kft 

I'- 05 pH CO US 

1-p. 05 pH CO kA 

l>- © pH CO kO 

© pH eo © 


t— © pH CO © 


0> 1-1 rH r« 

tH ,-1 Cl Cl Cl 

Cl d CO CO CO 

CO CO •H' HJI hT 

H»i Hr lA © © 


© © TO TO TO 

OrH 

<0 00 O (N fW 

to 00 o ci ••*< 

to' ocT o d HjJ' 

©^ e« ©*' d -HT 

©' TO* O d Hf 


o' 00 o" cf pf* 


pH PH Cl d d 

d d CO eo CO 

CO TO ••i< hT •HU 

■Hk -Hk © © © 


© © TO TO TO 





o 

Cl Hjt © TO O 


d If TO © 

Chem. 

News. 

<M '•« to OO O 

d Hh to 00 O 

Cl -r to CO o 

d Hk © » o 

O O O O pH 


^.4 rH fMf 

to to to to 1 ^ 

t-^ tN. 00 

00 OO <30 OO 05 

© © © © pH 

rM 


pH PH pH PH 

r- «0 If* t-s. o> 

ph'co' kcT W Oi 

pH CO us 1 p. 05^ 

rH CO kA © 

p-J' CO ©* ixr oT 


•s «5 

tH OT O r-< QO 

to te to CO ^ 

Ip. tP. 4^ 

00 00 00 00 OO 

© © © © © 

OOOOO 


pH pH pH pH 






^ ^ ^ ^ ^ 


PH pH pH pH 


O (N 

to 00 O d 

Hjk to 00 O d 

rji © ^ 

O d © 


00 O Cl If TO 

p £ 

Mt to 00 ri r-l 

PH PH pH Cl d 

Cl d C9 CO CO 

CO CO ^hT © 

© rH PH PH rH 


pH d d d d 

S3 O 








aK-g 

CO 40 Oi r-( 

CO Mi iH. O. PH 

CO US tH. 05 PH 

CO US ^c6 kA 

*>. © pH CO © 


© pH eo ‘A 


^ rH PH rH d 

d d Cl d eo 

eo eo ht 

r-i rH »-H 


pH PH d d d 

i 

<o to to t'- 

00 05 o PH d 

CO hT 4A to I'p. 

<50 © O pH d 

CO Hf © © l- 



CN C<J Cl <N W 

d d eo CO CO 

CO CO CO CO eo 

CO TO Hji HT 

^ Hf Hf Hf Hf 


Hf Hf © © kA 

^ s 

00 Ci O .-1 (N 

W HI* US to IH. 

00 CJ5 O PH d 

eo •HT © © t>. 

00 © o iH d 


CO •*< © . , 

£ cO 

C< <N CO 00 00 

CO eo CO CO eo 

CO eo Hk »r •Hj* 

HT Htr hT HT hT 

•ir •Hk © © kA 


© © © • . 

^CU 

<M W (N Cl Cl 

Cl d d d d 

d d d d Cl 

Cl d d d d 

d d d d d 


d Cl d * * 


00 o 

O d '|t^ to 

S’' 

00 pC 

O Cl HT © 

TOO<^ 



A.nii 

Line 

r-l « .•rtl to 

t^Oi ^so \a 

00 PH PH PH rH 

oi CO if> 

pH d ^ PCI to 

05 ^ eo 40 

00 r- PH P-j.pHi 

Is." o> r-l CO kci 

*-< 

t’T ©^ ^ eo 4A 


: : : : : 


rH rH 05 

rH rH 

irH PH^^ 

r-» r-H f— 1 

pH p-» rH 



gisi 

r-l !>- O ®? 

d us QD 

pH hT rp. o ®? 

d © QO 

pH Hf I- O 



Cl (N 04 CO ' 

j ( 1 ,' 

to OS PH TH PH 

d d d eo ^ 

© © pH rH pH 

d d C^l CO . 



OS Cl »0 CO 

hci w o eo to 

05 Cl 4A 00 '-H 

4* e!» o eo © 

© d © OO * 




irH C4 Cl Cl 

PH rH pH 

p-> d Cl d 00^ 

pH pH pH 

PH d Cl d 



a 

O to pH CO 

00 CO 00 CO 05 

eo 05 US 05 

TO O *>. CO pH 

!>.©••«( pH 



S 

to to 0 . 1 » 00 

OO 05 05 O O 

PH PH d d CO 

■Hk © © to IH. 

Cx To ©*0 



'rt 

a 

Cl d Cl d Cl 

It'll 

to r-^ (N 00 

d d d CO CO 

1 1 1 f 1 

05 n« 05 ■>•#< 

CO eo CO 00 CO 

1 1 1 1 

O hT O to O 

TO TO CO © CO 

1 1 1 1 1 

© ^ p-H o6 Htk 

TO TO eo . 

Cl 00 © © * 



a 

40 to to I-- t» 

00 00 05 05 O 

pH pH d d eo 

TO •«« © © to 

tH. TO © 



<1 

Cl d IN d Cl 

d d d d eo 

eo eo eo CO eo 

TO CO CO TO TO 

TO TO CO TO 



tfi 

40 to 00 05 

O pH d CO 

us to 00 05 

O pH d SO ^ 

© © !>. 00 © 


O pH d CO Hf 


fH ri pH pH r-) 

«N d d d d 

Cl d d d d 

TO eo CO TO TO 

TO TO TO TO TO 


kif Hf -kf •<f •ei 

-< 









O d '•»• to oo 


© d to 00 

O d •If © 00 

O d Hf © TO 


o d •r TO 00 

•<*-» 

^ H 

4fs to 00 

pH PH pH r-i rH 

d d Cl Cl d 

eo TO CO TO TO 


••9k kptl HP *tf •«• 

Cft r-T cf kcT tC 

oT^ctTus iC 

© eo 4A ^P■ 

oTr-T CO uTiC 

© pH TO*^ © tH 


© pH CO © »-• 

00 tl< -It ^ 

Hr Hji 


PH d d d d 

d CO TO TO TO 


eo HP ^ ^ ••** 



d 

Hd © 00© d 
d d d TO w 

•«! © TOO d 

^ © TO O g 


rri 

d CO ttt US to 

00 05 o 

TO TO TO ktn •«< 

Hf ^ kpf © .S 

5 


S ^ *T> 
^5 

PH pH pH pH pH 

pH rH PH Cl ^ 

CN 

e? d d S TO 

CO © 1>^ © pH 

TO eo TO TO •C* 

CO ©*tC©*2 

'43 


>2 

o pH d CO •<• 

US to tH 00 05 

o fH d eo Hfi 

© © 00 © 

O PH d TO HU 


© © <•> OD © 


05 05 05 05 

CO 

Oi d CO <X 05 

00 

©©o©© 

OOOOO 

gj PH pH pH pH 


pH PH pH pH iH 


pH 

rH 

pH 

pH 


pH 



TABLE OF DATES OF ISSUE OF JOURNALS xxix 


JS 

fin i«2i 

0 d «D 00 

CO CO eo 00 fio 

01 r-i eo^a 

04 CO CO CO CO 

O Cl rtf CO QO 
rtf r^f rt< rtf rff 

OS t-< CO O 

CO ^ rrf *4* 

»A rtf CD 00 

^ ^CO" lA InT 

O <M r(f x* QO 

rH r-f pH rH l-( 

OS rH CO SA |N^ 
pH r-f pH rH 

O d rh X X 
d d d d <M 

OS rr CO lA 1- 
pH d d d d 

O A1 rtf X X 
X X X X X 

os" pH x" X" IhT 
d X X X X 


CO O 1'- OS — < 
»0 

of ^ CO X) o 
^ TT* ‘C5 

r-ToO icTl-rOS 
"O* 'W* -"I* <<« -r 

CO ua i>. os »-( 
lo lA ua CO 

cT rtT «5*' oo" o' 

lO lA lo tA <0 

r-f eo^ »A !>. O) 
lA lA lA lA lA 

CO »A In- OS pH 

CO CO CO CO br 

d rtf CO 00 O 
cocococotr. 

rH CO lA In. OS 

CO CO CO CD CO 

CO O In. OS 

1— In. t— b. 

d** rw x" oo" ®9 

t- 1- b« 

I-H CO VA 1— 
t— IN. (N. In. 

O d rtf 

« M Cs"rH"co" 

d lA ® ® <» 

00 OO . . - 

« o d 

X os os 

ssigs 

. I-H pH 

^ 5? OS 1 1 

os os os O d 
-..,0 0 
X 2 05^ ^ 

OS OS oj 

Mon.* 

Scient. 

CO 00 O Ol «#> 
CO CO 

•ifT inT as i-Tco" 

CO CO CO rtf XJH 

CO 00 O (N rtf 
r»f »0 lA »A 

vA*' r-T cT i-T co*^ 
rff rr rjf \A iO 

CO — < 

1-00 OS® 

ia"*® ^ o' 

lA CO 

CO *A 1— ®S rH 

X CO CO ® IN. 

CfT rl'" to oo o’ 

X CO X CO Is. 

X lA |N. OS PH 

1- I- IN. I- X 

csl rf X X 0~ 

1-. In. I-. 1— X 

d X rjf X X 
X X X X X 








i 

g 

r-f CM CO krt 

1 - r-i »-< 1 -t iH 

CO In. 00 OS CC 
r-t r-f r-f fH Cl 

pH d iO rtf »A 
d d d d d 

X In. 00 cs CO 
d d d d CO 

r-i d « rf lA 

eo eo CO CO OO 

X I- X OS O 
X X X X rtf 








i s 

1-5 O ^ 

OS O —( 01 CO 

rtf lA CO I- 00 

pH r-f r-f r-f rr 

e:s o fH d CO 

r-f d d d d 

rtf lA X In. oo 
d d d 01 d 

OS O rH d X 
d X X X X 

rtf lA CO WX 
X X X X X 

tft . . 

3 c? 

04 CO rtf ift <o 
Cl <N (N 04 (N 

i>. 00 OS O rH 

C4 Cl d CO CO 

d CO rtf lA CO 

CO OO CO CO 00 

*- W os O pH 
CO « « rf rtf 

d X rtf lA X 

rtf rtf rtf .4f rr 

«•- « : : : 

rtf rSf . . . 

• i I 

Cl r}f CO 00 o 
rc* rtf 'flf ICS 

d rtf CO CO O 
lA lA lA lA CO 

d rff CO 00 O 

CO CO CO CO 1— 

d -If X 00 c 
t- t.. !>. 1- 00 

01 rrff X X O 

X X X X OS 

o 

d rtf X X o 

OS Os OS OS rH 


i-rCO ICS t>. OS 
rtf ^ ^ rtf 

rH CO lA l-r Oa 
lA lA lA lA lA 

r-l CO* »A l>^ os 

CO CO CO <0 CO 

p-TcoiA iCcis 

In. 1- 1- |.,4N. 

r-T CO »a" In^ oT 
X X X X X 

P-t CO vA 1— OS 
OS OS OS Os Os 

J. 

Physical 

Chem. 


! : i i : 

rt< lA CO tr. 00 

OS O rH d CO 
pH rH r-f rH 

rjf X X tr. X 
rH pH rH rH rH 

OS O rH d X 

rH d d d d 

■ Ig 

' d -If CO 00 o 

<N Cl « Cl CO 

; f-i CO lo t>. os 
j Cl <N d Cl d 

d o 

-rCf CO 00 pH 

CO** SA*' iC os" 

CO 

11, 12 
13, 14 
15, 16 
17, 18 
19, 20 

d rjf X X O 
d d d d M 

pH CO *0 1- OS 
d d 01 d d 

01 o 

.r4f X X pH 

r-Kx" >0 l’^ C» 
In. 

d rtf X X O 

p.f rH r- d 

rn” CO »a" InT 


J. Ind. 
Eng. 
Chem. 




I * I I 

d X rtf X X 

b. X © © rH 
rH rH 

i . 

fC ^ 

Oig . 
•-s 

X O d r<f X 
>A X X X X 

In." OS pH X X 
X lA X X X 

X O d '■f X 
X tN. In. b« I- 

!>. OS rH X* X 
X X In. 1^ In. 

X O d rtf X 

In. X X X X 

OS rH x’ »A 

I-. (N. X X X 

X O d rff X 
X OS © © © 

tCoTf-T x'ia" 
X X © © © 

O (M -4* X 
X O O O O 

© pH rH rH rH 

InT cT f—" CO lA 
© OS o © o 
rH rH rH 

X O d rff X 

O rH rH pH rH 
rH pH pH rH rH 

1.. © p-7x icT 

O O rH PH pH 
pH rH pH pH pH 

J. Amer. 
Chem. 
Soc. 

d X rtf lA X 
pH r-f pH pH rH 

b. « OS o »H 
rH rH PH d d 

d X rtf lA X 
d d d d d 

1- X © O rH 
d d d X X 

d X rtf X X 
X X X X X 

I-H X © © rH 

X X X Htf rff 

Gazzetta. 

O rH 01 X rff 

d d d d d 

lA X |N- X OS 
d d d d oi 

O — d X rff 
.X X X X X 

lA X In. X © 
X X X X X 

O rH Cl X *t* 
rff rff 'i4f rt* rff 

lA X In. X © i 

■rtf rjf r»f Hff Hff 1 

• l-s 
lao . 

o t>-» 

52 

275-278 

279-282 

283-286 

287-290 

291-294 

295-298 

299-302 

303-306 

307-310 

311-314 

lA X IH. X CS 

rH i-H rH rH pH 

X X X X X 

o rH 01 X rff 
d d d d OI 
X X X X X 

lA X In. X © 
d d d d d 
X X X X X 

: : : : : 

Year 

o rr d X m 
os os os d os 
X 

X X t- X fib 
os d os os OS 
X 

© pH d X rff 

goooo 

lA X IN. X © 

o o o o o 
© 
rH 

©rHdXre 
rH rH rH rH rH 
© 

lA X tH X © 

P-f rH p-f p-H rH 

© 

rH 


See footnote, p. xxiv. 



XXX 


CARBON AND ITS ALLIES 


it a 

N-g." 

_ ^ O lO 

<© CO rl 1-4 r -1 
• 1 
lO tN» 0> ri fiO 
i-( •-** 

16-18 

19-21 

22-24 

25-27 

28-31 

in CO ©I tD 95 

CO eo 4© H* <414 

I ! 1 1 1 

©IC0 05C0*''- 

CO W CO 4*1 4«4 

eo r>. o 4© 05 
in <n eo CO CO 

1 I 1 i 1 
o 4© 00 rH m 
in in m CO eo 

70-74 

75-77 

78-80 

81-86 

86-88 

89, 90 
91, 92 
92 

92 

Zeitsch. 

Kryst 

Min. 

! 00 

O r-4 M -«J4 
Cl CM CM OI 

'^aro’‘^*'co' 

to 1-4 c» cc Cl 

in QO 95 ..H ©1 

Cl ©1 eo CO 

■oT to 0^ Cft 
<M CM (N Cl CO 

CO ir 91 2 

CO CO CO 'C** 

( 1 - 1 « 
©1 hH CO 94 

CO eo CO CO eo 

2 21 '® 

^ ^ ^ ^ ^ 

o w ^ 

95 O <M ?0 

© in S ^ 

00 * oT o ©r 
©©mm 

« 

. .09 

|lg 

N3W^ 

; ■: 1 

C5 CO -O' m <o 

r-T ©5 00* ■'C' m 

^1-4. 00 95 o 
to ^ 

pH Cl eo 4!f uo 

pH PH rH rH pH 

eo r- 00 95 o 

rH © rH PH CM 

pH CM CO © m 

CM CM ©1 CM ©1 

Zeitsch. 

anorg. 

Chem. 

un 

. ..t- 

• • 1 

CO 

8-10 

11, 12, 13 
13-15 
16-19 
19-22 

m 95 eo 1- ©5 
©1 CJ CO CO Hi* 

I 1 1 f 1 

©1 CO 95 eo GO 
©1 <N ©1 CO CO 

t» CM eo CMn 
4ei4 m tn eo ep 

1 1 1 1 T 

CO 00 CM eo PH 

H<* n* m m eo 

65-69 

69-73 

73-79 

79-83 

84-90 

90-93 

94-98 

99-101 

102-104 

105-109 

Zeitach. 

angew. 

Chem. 

eo •4»» vA CO r- 

<X> 05 O r-i (M 

CO ^ m CD I'- 

00 95 O rH <M 
PH PH CM ©1 CM 

co©incoi'4 
©1 CM CM ©1 ©1 

00 a. o © CM 

CM CM CO CO CO 

Zeitsch. 

anal. 

Chem. 

o> O rH cc eo 
Cl CO eo CO CO 

rf m CO 1 •- 00 ' 
CO CO CO CO CO 

95 O r-. OJ so 
CO ’4J‘ 'r>< ■H' 4© 

H< m CO 14- OO 
4© ^ "© H* 4© 

05 O rH ?! CC 

© in m m pa 

© »n CO iH 00 
m m m pa in 

1-3 

C3 

|> » 

<1 

r-4 ■'<( t>i O CO 
-4J1 'tft <1*1 WO 

1 1 1 1 1 

Oi (M lO 00 »H 
CO 'O' Tfi rf »o 

to 05 CO <0 05 
in m CO CD CO 

1 1 1 i 1 

■4* !>. O W 

m m CO CO ;o 

« s ji 

1 a> -K 

alPl 

.S<J Oh 





2 Jh ^ 2 Jh 

in CO 1- 00 94 

O rH ©1 eo •© 
©1 ©1 ©5 ©1 ©I 

m eo 1 - uo 95 
CM ©1 ©1 ©5 CM 

O rH ©J eo © 

CO CO CO eo eo 

m eo r4. 00 95 
eo CO eo CO CO 

ai ;> 

05 O *-4 M CO 

05 O O O O 

■4^' to CO 1-- 00 

o o c. o o 

r** r-t r-1 1-4 rH 

109 

110 

111 

112 

113 

© m x> 14- 00 

pH pH pH rH rH 

119 

120 

121 

122 

123 


Rec. 

Trav. 

Chim. 

05 O r-i CO 

1-4 •-) rH rH 

4^ in CO 1-. 30 

05 O rH ©1 CO 
pH ©I (M CM ©5 

© *n CO IH 00 
©1 ©1 CM CM ©1 

05 o PH ©1 CO 

CM CO CO CO CO 

iH 

© O 1- 00 

CO CO eo eo 

CO 

(CM® 

o ^'^ **^ “* 

OO r-T CO CO" 

4*1 “in m m 

-Oft ... 
*'» 'a* O ©4 m 
m m m _ 

05 *4»» CO 

m o ^ ® 

od*® »H codin'* 
m CO CO CO 

4>r w o ©7 “iT 
in CO CO CO 

■4C4 

t-05 0<N^'“ 

cocot^i-co 

cdodoTrH 

CO CO CO W of 

~ o 

eo 2? >-* CO 

‘T^oT®®*® 
w cT e4r 

;?»,ir^ 

to 

© OO !>. 05 O 

00 J^4 OO <» 05 

CO®® eo 00 9* 
00 © 00 00 00 
<ao 

' : : : * 

Proc. 

Chem. Soc. 

<0 OD 05 O 

rH ©» CO ■4^' in 

rH rH pH rH 1-4 

<0 1^00 05 0 
rH rH pH pH <N 

iH CM CO © m 

CM CM CM CM ©1 

CO t-- QO 05 O 

CM CM CM CM CO 

Publication 
of matter 
of scientific 
interest now 
abandoned. 

Physikal. 

Zeitsch. 

: : : ; ; 

: : i : i 

rH ©^ e»o 4,1* in 

CD 00 a;» o 

rH 

1-4 CM CO © m 

rH pH r-« pH iH 

to t'« X • • 

© © pH : : 

2 

si 

•-4 CM 00 <«• wo 

00 00 QO 00 00 
?-4 fH rH r*4 *-4 

◄ 

186 

187, 188 
189, 190 
191 

192, 193 

194, 195 
196, 197 
198, 199 
200-202 
203 

204, 205 
206 

207 

207-209 
209, 210 

PH CM 00 © 
pH pH pH © 

0<>» CM CM 

CM O* rH ©T 00* 

pH pH rH PH 

<N CM ©9 CM 

215, 216 

216, 217 
217 

217 

i 

>4 

O r-4 ©1 €0 40« 

05 95 <35 00 

CO 

m CD lo CO 95 

9* 95 95 95 C75 

QO 

O pH ©1 «0 4© 

oo o o o 

95 

rH 

50 eo l> 00 95 

o o o o o 

95 

pH 

O rH ©J eo © 

rH pH pH pH PH 

95 

rH 

m tD^* X 95 

2 PH © PH © 

05 


Retuainder of toI. 55 appeared iu 1920. 




A TEXTBOOK OF 

INORGANIC CHEMISTRY 


YOL. y. CARBON AND ITS ALl.lES 


CHAPTER I 

INTRODUCTORY 

THE ELEMENTS OF THE FOURTH G1K)UP 
CONSIDERED AS A WHOLE 

GiiOUP IV occn})i(\s the central position in the periodic system. In 
Ncwlands’ octaves carbon was prece ded by lithium, ijlncimini, and boron, 

and followed bv mtro<?e‘n, oxy^?(‘n. and 
fluorine, whilst siJieion was preceded 
by se)elinin, inaguesiuin, anei alumi- 
nium, and fedlowed by phosphorus, 
sulphur, and chlorine. 

In Mende lcefCs classifleation, which 
extends to elemients of higher atomic 
we'i^ht, the* same fact is ar)f)arcnt. 

For e*xample‘, in the A subgroups 
(s(*c Frontis[)ie‘ce and Chart, ]). 2) 
titanium is preceded by potassium, 
calcieim, and scandium, and followed 
by vanadium, chromium, and man- 
ganese, anel so on. 

This statement is scarcely inva- 
lidated by the inte.‘rpolatiem of the 
group of no-valency or noble gases, 
since theise ])ossess no chemical pro- 
pertie's, and in the long periods arc 
balanced bv the nobler metals of 
Group Vlll.’' 

To understand the relationships which subsist bctweeai the elements 
of the fourth group it is necessary first to take a brief survey of the 
periodic system as a whole, and of the modifications which are found 
in the relationships of elements in successive groups. 

In each series of the periodic scheme the realisable valency of the 
individual elements rises from 1 in Group I to 7 in Group VII, whilst 
in physical and chemical properties there is a gradual transition from 
relatively metallic and electropositive characters to relatively non- 
metallic and electronegative characters. At the same time there is a 
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INTRODUCTORY a 

notable distinction between the elements in the short or typical periods 
and those in th(‘ same cfroups in the lonj? periods; and also between 
elements analojjoiisly sitnattd in the A and 13 subirronps into wliieh 
tlie Ion" {)eriotis arc dividicL 

Tims I he seven i lenuaits ot Ihe first short pe riod. iVean lithium t o 
llnorine, arc separalt'd by distinelive^ proper! ies IVoin all th(‘ elements 
which follow tlnmi. For instance', lithium shows exceptional properties 
when compared with the' (dina* alkali metals, and lluorini' similarly 
when coinj)ared with the other halogens. 

The seven I'hnients of the second short period appro vinuite in 
properties to the correspondiu" elements of the Ion" j criods ; but 
they are neverthehss, at least in some cases, distinctly se parated from 
th('m. For instance, whilst sodium stands closi'r to ])otassium, rubidium, 
and ca'sium than does lithium, it is m'vertheh ss separated from them 
by tiu' distinctive projierties of its salts. 

It may be said, therefore', that every element of the first short 
})('riod is unifpie by reason of slroii" individuality, and that the elements 
of the second short period fail to show such stroii" individuality, and 
are more lu'arly related to the corresjxmdin" (h'ments that follow them 
ill the Ion" periods. Thus, for (‘xample, chlorini' is not separated in 
pro|K*rtics from the sueccxdin^ halogens as lluorine is, and is more closely 
related to bromiiu* than to fhiorine. 

In the study of the long periods it is olxservable in traversing the 
s(‘ries of the A siibgronjis, Le. tlu^ even seric's, that loss of electro- 
positive characters involvc's apjiroach, not to non-nutals, but to the 
relatively (lectronegativc and inert metals of the (ighth group; and 
that tlu' eighth group characteristics ])ersist in diminishing degree after 
the odd series of th(‘ 13 subgronyis have Ix'cn entered, but are lost when 
the second or third group is left behind, and givi' place at haigth to 
electronegative and truly uon-metallic characteri stilus, which culminate 
in the (‘l(‘m('nts of the halogens. 

Thus the scri(‘s whicli begins with the powerfully electropositive 
and metallic clciiH'nt rubidium ends with an unknown (‘lenn'iit whose 
place is adjacent to tlx' comparatively inc'rt metals of the eighth group, 
ruthenium, rhodium, and palladium ; whilst th(^ corresiionding odd 
series begins with silver, which is comparatively electronegative, and 
ends witli the halogen element iodine. 

When the members of the separate groups which comprise the long 
periods arc considered, it is apparent that as a geiK'ral rule there is 
increatK? of electropositive character or base producing power with 
rise of atomic weight in a grouj). Thus, for example, potassium, 
rubidium, Cfcsium ; calcium, strontium, barium ; and arsenic, antimony, 
bismuth, are groups of such elements. 

In the eighth group, however, the opposite obtains ; there is loss 
of electropositiveness and chemical activity with rise of atomic weight ; 
without, however, the appearance of non-mctallic proj)crties. This^ 
condition persists in Groups 1 13 and II B ; and, according to Abegg,^ 
extends to Group III B, but not to Group IV B. 

From these considerations it appears that the elements of the 
A subgroups will be more or less widely separated in properties from 
the elements of the corresponding B subgroups ; and so the question 
arises as to the relationships of the elements in the short periods to 
* Abegg, ZeiUch* anorg. Chern^t 1004, 39, 307. 
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those in the subi^ronps. TJni^ ilic ek-jnctits of the short periods may 
incline to the corresponding elements of either the A or the B sub- 
groups, or may coius ivably be c(piaIJy related to or separated from 
both in their ju'operties. 

Insj)eetion of the ])(‘rio{lic chart sliows that the extreme; membe^rs 
of. the; short periods are; undoubtedly related to the tliose^ of the 
long peu'ioels. For instance, sodium is redatecl to potassium rather 
than to (‘opjx r, and chle)rine to bromine rather than to manganese. 

Moreover, magnesiinn more elosely re‘semble*s zinc than calcium, 
a.nd it a,f)f)(‘ars that after sodium the elements of the sece)nd sheut 
pea’ioel are‘ rehiteei to the eonvsponding elemients in the* B rather than 
the A snbgrouf)s ; but that, these; re'lationships grow closer as the 
pe rioels are; trava rse^d f]‘e)m magnesium to elilorine^ anel zinc te> bromine. 

It may furtlie r })e obser\ e*d tha t, whilst tlie cleanents of th(‘ A sub- 
groups are always more' elect re>p(ysitiv(' than the* eorn'spemding (‘leancnts 
of the B subgron])s, thc' differeaiee in proj)eTti(‘S between correspemding 
elements in tin* A and B subgre)Uj)s is gre;ate*sl in the extn me sub- 
grou])s and dirninislns towards the centres of the: subpe'rioels K — Mn 
and (-U — Br. I'hus the diflercnce betwee'ji ma,ngaiu;sc and bromine 
is greate r tha?i betwe'en clironiiuiu and sele nium, and so (»n. 

These considerations may now be ap])lie'd in Cre)iip IV, first to the 
relations between ea.rbe)n and silicon, then to those* betwc'em silicon 
and the* juc inbe rs of the' A aiid B subgroups, as well as to the re'lations 
that corre'speniding mcmbe*rs of the* subgre»u})s bear to each other. 

Relation between Carbon and Silicon. — The uniejue character pos- 
sessed by e'ach of I lie* si'ven e’le*ments of tlie Jirst short period is uowliere 
more cle*arly sliown than in tlie case of earhon, which by reason of thc 
enormous nnmbe r of compounds it forms, and the fact that it enters 
inte) Ihe eoinposition of all organic tissues, stands epiilc alone among 
tlie elenu'nts. 

Tlie* fnndame'iital epiestion ivgarding ihe relatiemsliip bcdwc'en carbon 
and silicon lias to do with the* confeu-nuition of the* atoms of the two 
elements, or, more* strictly, with the space disjieisilion of their valencies. 
TJk* conception which re'gards the* four \'ale*ncies of the* e;arbon atom 
as direele*d from the ce'iitre tlirongh the angular points of a regular 
tedrnlu elron lies at the foiindnt ion of the sicre;e>chennstry of carbon, and 
is plainly capable of extension to other elements of the fourth group. 

It has bc'c'ti shown by Kipping,’ who has prc'pared “ asymmetric ” 
optically active; derivatives of SiCl4, that the silicon atom is analogous 
to that of carbon in the mode of disposition of its valencies. Conse- 
quently, in all attempts to re'jiresent stereocheanically the; structure 
of silicon compounds this tetrahe dral form must be; taken into account ; 
and in so far as silicon analogues of carbon compounds exhibiting 
isomerism can be prcjiarceb so far may similar isomerism be expected. 
For example, if silicon (;oiu])ounds analogous to ethylene derivatives 
can be prepared, they may be expected to exhibit geometrical isomerism 
similar to tliat of fiimaric and maleic acids. likewise, if silicon atoms 
form ring compounds, either alone or linked through oxygen, in which 
each silicon atom has two spare valencies which may be satisfied with 
like or unlike atoms or gron])s, then it is possible that a kind of isomerism 
may exist analogous to that exhibited by the substituted polymethylenes. 

It is unlikely, however, judging from the analogies suggested by 

* Kipping, Trans. Chem. 8oc.^ 1907, 91 , 209. 
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the periodic law, that silicon will be fonnd to be very closely related to 
eaiboii ( ithcr in the types of compounds it forms or in the projicrtics 
of aiialoj^ous com]Kninds. So far as th(‘ e^'id<alC(‘ i^ocs tliis view is 
supported by a eomparison of the properties and oecurrenc(‘ of the 
two (‘leiuents and tli(nr natural comj>onnds, tis well as by the dil'ftavnces 
b(dw(‘(‘n the j)roperties of analoi^ous compounds obtained artilieially. 

Indeed the analoi^y secaus to be restricted entirely to typ(% for 
corresponding coni])ounds of a cfiven typt‘ are \'ery little alike in 
j)roperties. Silicoius, for exani]>le, R SiO-ll, corres[)onding in type 
to ketones, are (piite dificu’tait from them in propertie s. 

Just how far tlie anaJoify bt‘twcen carbon and silicon extends, 
however, lias 5^et to be discovered by th(‘ ])r(*})aration and study of 
types of silicon compounds beyond those yet known to ('xist. 

An interestinff comparison of silicon com])onnds Avith correspond inf]( 
carbon com])ounds lias recently b(‘en ma,dc‘ by By.Lfden, who has 
measured the refraelivti indices for tin* wa\ (‘ lenojths of the mor(‘ impor- 
tant sjieetral lines of numerous silico-hydrocarhons, and has conpiarcd 
the molecular ^'fractions of these coinjiounds Avitli those of corn spondin*^^ 
carbon compounds. It has thus been shown that the n placcnieni of 
a carbon atom by silicon raises the molecular n fraction of llie compound 
by about 5 units (5*0() “5*80 for the ]) line).^ 

Natural Occurrence of Carbon and Silicon. - Carbon and silicon differ 
niark(‘dly from each oilier in their mode of natnrai oceiirr(*ncc‘. Fne 
carbon is found in various forms in the crust of tlu' earth ; silicon has 
never been found uncombined. Carbon “ circulates ” between the 
miiKTal kingdom and living organisms ; silicon doc s this to only a very 
limited extent, and probably witlioiit reduction from the* state of silica. 
This difference is coniieeted with tJu' snpcTior ri‘ducil)ility of (farhon 
dioxide, as well as with fundamental diffenaices lietween the two 
cleinents as regards th(‘ types of eompoimd they can form. 

Ind(‘ed, silicon appears to ent(‘r into the* structiin' of organisms only 
ill the form of derivalives of silicic acid. At least it is (piite certain that 
there is no ‘‘ organic ” chemistry of silicon com])arabl(‘ wilh that of carbon. 

Allotropy of Carbon and Silicon. — Of ilu? sevcai jiairs of ele ments 
constituting the tAvo sJiort p(*riods, carbon and silicon arc* tlu' only jiair 
Avhicli possess eoniparalile allotropic forms. 

Indeed the physical properties of these jiairs of elc rnenls a})pear to 
vary in a sonieAvlial irregular manner, except in the lirst, and perhaps 
the second, as well as the seventh group. The contrast between boron 
and ahiminium marks a transition from metal to iion-riK tal ; that 
between nitrogen and phosphorus, as well as betAveen oxygcai and 
sulphur, illustrates the Avide range of j>ropertics between all but the 
most electronegative non-metals, as compared Avith tlie highly electro- 
positive metals (lithium, sodium) on the one hand and the most eleel ro- 
negative non-metals (fluorine, chlorine) on the other. 

Thus the recently discovered allotrojiic nitrogen cannot be put 
into the same category with the allotropic forms of phosphorus, and 
allotropic oxygen cannot he compared with allotropic sulphur ; but 
phosphorus and arsenic, and sulphur and selenium, are pairs of eleme nts 
whose allotropic forms may be compar<.‘d with those of (‘arbonand silicon. 

Although boron has not been mentioned in this comjiarisori Ix'cause 
as regards its allotropy it stands alone in the third group, it never- 
^ Bygd^n, Z^itseJu physikal Chem,, 1915, 90, 2t3. 
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tbeless approacJics inore nearly to carbon and silicon in physical 
properties tlian any otlier clement. 

The allotropic forms of carbon and silicon arc compared in the 
following schemes : ^ 

Carbon. — Diamond: Regular Octaliedra and (•ubes; Densit}^ : 

Hardness (on Moh’s scale), 10. 

Graphite: Density, 2*06 ; Soft. 

Amorphous : Dei isi l.y , 1 -76. 

Silicon. — Crystalline: Regular Octahedra; l)(‘nsity, 2*49; Hardness, 7. 
A morphous : 1 ) e j isi ty , 2*35. 

Although silicon exists in only two well-delinc'd allotropic forms, 
whilcj carbon exists in three, tla re is neva rtlieless a close* resemblance 
between the; physical forms of the two elements. 

Thus crystalline silicon is isomorphous with diamond, and even 
approaches it in hardness, whilst in conducting })ower for electricity it 
resembhis graphite. 

The Linkage of the Atoms.- ^A fundamental projxa'ty of the atoms 
of carbon, which distinguislu^s this element from silicon, and indeed 
from all ofher elenuMits, is their |>ower of linkag(* into chains and rings. 
This is shown primarily in the existence of numerous natural aTid 
artificial hydrocarbons whose* derivatives constitute the host of com- 
pounds of “ organic ” chc‘rnistry. As e xam pics of the^ extent to 
which carbon atoms are known to link tlu'msdves together, the 
hydrocarbons dimyricyl, Cll 3 -(CH 2 ) 58 -CH 3 , and dekacyclene, Caellig or 



may be cited. 

Silicon possesses the ])owcr of atomic hnkage in a limited degree. 
The silicanes SigH*, Sigllg, Si 4 H 3 o, SigHjg, and 81^1134 exist, ^ as well 
I Stock and Somieaki, fifr., 1916, 49 , II L 
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as the corresponding chlorosiiicancs SigClg, Si 4 Clio, SigClig, 

and SioClj 4 . 

Whether or not the power of linkage of silicon atoms is exhausted 
in th(‘se few compounds, it is certainly very limited compared with 
that of carbon. Silicon atoms, however, })ossess to a remarkable degree 
the power of linkage through oxygen atoms, l)y reason of which chains, 
and probably rings, are })ro{luced. Thus (he natural silicates arc 
derivatives of condensed silicic acids such as : 

1 10 -Si -O— r Si -O -I -Si-- 0 1 1 

I [}, ]„<5 

or 

■ HO— Si-O -r- Si— O “i — Si - OH 

/\ / 

HO OH LHO OllJnHO OH 

to which there corre.sjxdul, c.g. the plienyl derivatives ^ : 

HO— Si -O— Si -OH 

/\ /\ 

Ph Pli Ph Pli 

110— Si— O— Si -O— Si— OH 

/\ /\ 

I*li Ph Ph Ph Ph Ph 

and 

HO— Si O— Si— O— Si— O-Si— OH 

/\ /\ /\ 

Ph Pli Ph Ph Ph Ph Ph Pii 

The power to form condensed acids, such as the above, in which 
atoms of the element are linked into a chain through oxygen atoms, 
is not confined to silicon. It is possessed by boron, as well as by the 
elements of the sixth group, molybdenum and tungsten especially 
forming highly complex compounds of this type. 

With carbon, however, the power of forming chains with oxygen 
appears not to be so characteristic. Esters, ethers, anhydrides, and 

lactones contain the grouping — (!^ — O — C — , di-cthers the grouping 

— C — O — — C — O — C — , and polvglycols the grouping 

I I I I 

.... (: -C--0— c-~(^ .... 

but lengthy chains of alternate carbon and oxygen atoms appear not 
to exist. 

BesidCvS chains, silicon forms rings in which its atoms are alternately 
linked with oxygen atoms. For examph , from the above chain com- 
pounds the following rings are derived ^ ; 

^ Kipping, Tram, Ckem, Soc., 1912, loi, 2134. 

* Kipping, ibid. 
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0 


0 


's, y\ A'h 
/Si Si/ 

|/ 1 1 \pi> 


pi\ /\ 

iA 


PI,/ 1 [ 

^Ph 

f) 0 

and 

0 0 

1 

\/ 


PlK 1 1 

/Ph 

Si 

/\ 


>Si Si 
Pl>/ \/ 

\Ph 

Ph Pl» 


0 



To the former of these there corresponds the carbon compound 
trioxymethylene : 

I I \i 

o o 

\/ 

c 

/\ 

11 H 

Ncyerih(‘less it is true to say that the characteristic of carbon is the 
frrouf)in,L? of its atoms aloiut into chains and rini^s, whilst the charac- 
teristic of silict)n is the formation of chains and rin^s composed of 
alternates atoms of silie^on and oxygen. The natural hydro(.^arbons 
and the natural silicates respectively exein]>lify these charaeiteristics. 

Analagous Compounds of Carbon and Silicon. — Hydrides. The 
relationship bc‘tween the* hydrides of carbon and silicon is limited to the 
following compounds : 


Carbon Silicon 


MetliJinc 

€114, B.P. 

KH” C. 

Silicane 

SiIl4,B.P. 

-112® 

c. 

Ethane 

„ 

- 0:}'^ €. 

Silico-ethane 


- 15® 

c. 

Propane 

v.iis .. 

- 44-5° C. 

Silico-propane 


1- 53® 

c. 

Butane 

C4U40 .. 

4- 1° €. 

Silico-butane 

^^4^ 10 ?> 

0® 

c. 


at 7 mm. 

The boiling-points of SigTTig and Sigll34 are unknown. 


Acetylene, CgTIg, sublime s — 88® C. Silico-acetylcnc (Si2ll2)«» solid. 

Silico-ethyhne, Sij,ll4, and silico-crotonylene, (812113)2, also probably 
exist. 

Hydrosilicons differ widely from hydrocarbons, not only because 
comparatively few of the former seem capable of existence, but also in 
chemical as well a,s physical properties. Methane and silicane resemble 
one another in their formation by the action of water or acids on metallic 
carbides and silicides, e.g. : 

AI4C3 + 12II2O - 4A1(0II)3 + 3CH4 
MggSi + 4 TIC 1 2MgCl2 +Sill4; 

but they difhr gieatly in their chemical reactions. For instance, 
silicane is decomposed into its elements at a red heat, but methane 
may be heated to the melting-point of glass without decomposition. 
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This difference in stahility is quite in accord with what obtains 
in other groups of the j)eriodic system, in which diminution in 
stability of gaseous hydride's accomj^ajiies rise' of atomic weight 
in the elements ; cf. ibr example, ammonia, NII3, with liydrogen 
phosphide, PHy. 

Connected with the relatives stabilities of jnt thanc and silicanc^ arc 
their relative chemical reactivities. 

From copper-sulphate solution siJicaTU' precipitates copper silicide, 
though from the more reduci]>le silver salt the metal separates, togc'tlier 
with silicon : 

2CUSO4 +n4Si-: CiuSi 

2 Ag 2 S 04 + ll4Si tAg I Si + 2II2SO4. 

Methane, howxnH'r, docs not react with ('ilher of these salts. Phosphine 
similarly pn'eijhtates }>hosphides from nutallie salt solutions, whence 
ammonia does not preci])ita.t(' nitrides. Indeed, stability and a kind 
of chemical inertness corresponding to it an^ characteristic of the 
hydrides of the first short ])eriod : CU4, Nlly, OH^, Fil. The rc'sem- 
blaiice of silicon to carbon in th(^ remaining hydrides is but slight. 

Silico-ethane, Sigll^, besidt's differing from ethane in boiling-[)oint, 
is decomposed into its elements a t 2a0 ’ (^, and is a vigorous n'ducing 
agent, precipitating silver, gold, and nuTcnry from I hear salt solutions, 
and reacting with sodium hydroxide solution thus : 


Siglfe + tNaOlT f 2II2O - 2Na2Si()y + Tllg. 

Ethane is capable of none of these reactions. 

Little is known about sili co-acetylene exct‘j)t that it is a crystalline 
solid, which is no doubt i)olyjneriscd, and as diffe rent as ])ossible from 
acetylene. 

Tiw Chloroforms, One of the closest rese niblances between carbon 
and silicon is shown by the two compounds ; 

Chloroform CHCly, H.P. 01 - 5 "C. 

Silico-cliloroform SillCUy, ,, 3 ;^" (\ 

Both compounds are liquids, and the relation bc'twee'u their boiling- 
points is similar to that which obtains with the lialides, shortly to be 
noticed. A difference exists between their clu inical j)ro]>erties, how- 
ever, which recalls that between methane and silicam*. 

Thus silico-chloroform is hydrolysed by water, forming Si 11(011)3, 
whilst chloroform is quite stable towards wate r at ordinary temperature ; 
and silico-chloroform yields ethyl orthosiliciformate, SiiJ(OC2n5)3, by 
interaction with alcohol, the corresponding carbon compound only 
resulting when clilorofomi reacts wdth sodium c thoxidc?. 

The Halides , — Silicon is niore reactive towards the halogens than 
carbon. Whilst both elements combine directly with fluorine', silicon 
combines with chlorine at 450 ® and with bromine at 500 ®, l)ut not 
directly with iodine ; but carbon unites directly luitlur with chloriiu', 
bromine, nor iodine. 

The halides of silicon, as shown in the following tabh-, have con- 
sistently louver boiling-points than those of carbon ; and tlK^y differ from 
the latter, like the corresponding hydrides, in their grcat(?r reactivity. 
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TABLE OK BOILING-POINTS 


Fluorides, j 

! 

1 

Chlorides. 

Bromides. 

Iodides. 

t:F*-15° c. 

XI 4 76-7° V: 

189-5° C’. 

1 

CI 4 ~ 

SiF4--90° C. 1 

.SiCl4 57° C. 

1 

SiHr^ 158° C. 

Sil4 c. 290° 

1 

i 

1 

! 

CoFIe lH5-5° C. 
Si^lo 110-li8°C. 

CgUg 268-209° C. 
SigC'lH 210-215° C. 

i 



Thus silicon tciracliloride, SiCl 4 , is rapidly liydrol 3 ^scd by *w’atcr, 
and so behaves as the ehloricle of orlhosilicic a(ad ; but carbon tetra- 
chloridcj, CCI 4 , unlike an acid chloride, is (piitc stable towards water 
at ordinary tcanperatures, althoutdi it yields carbonate wlien hydrolyscjd 
with alcoholic potash. 

llexachlor-silico-etlKUie, SigCl^, is fornud by the chlorination of 
silicon, but at 800° it is decomposed almost completely into silicon and 
silicon tetrachloride, SiCl^j. Silico-chloroform, SillCla, is likewise; 
decomposed by heat as follows : 

iSiHClg - aSiCl^ + Si+2H2. 

On the other hand, when carbon tetrachloride is passed throu^^h a red- 
hot tube it yields tetrachlorc thyh ne, C 2 CI 4 , and hex achlorc thane, C^Clg. 

This com|)arison further illustrates the; superior tendency lo combine 
together which carbon atoms j)ossess over those of silicon. 

Another striking diffc'rencc }>etween carbon and silicon is exhibited 
by their lluorid(;s. Silicon tetra fluoride, Sih^, combines with hydrogen 
fluoride to form hydroflu osilicic acid, IlgSii^, and also reacts with 
water thus : 

3SiF4 H- 3 II 2 O - ‘illgSiFo f IlaSiOg. 

The formation of this complex acid depends upon a special property 
of the fluorine atom, for tlu're is no chlorine analogue of hydrofluo- 
silicic acid. Probably fluorine is tervalent here, the constitution being 

H 

1 . 


F F=F-1I 

\/ 

Si or 

/\ 

F F=F-H 



A. 

It will, mor(H)ver, be an interesting study to compare this acid 
1 Priond, The Theory of Valency (Longmans), 1909. 
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with analogous complex acids formed by other elements of the fourth 
group ; but it siiHices here to point out that carbon forms no corre- 
sponding acid, H 2 CFg ; or, in other words, that the carbon atom does 
not confer on two of the flnoriru* atoms in carbon tetranuoride power 
to combine with mol<*cules of hydrogen liuori(i(\ 

Oxylialidcs. — Car})on forms th(' oxychloride' ('OCLj, whicJi is the 
chloride of carbonic acid, CO(()II) 2 . 

Silicon forms no analogous com})ound, though thti oxychloride, 
Sic^OClg, exists, and yields hydrochloric and silicic acids by hydrolysis. 

Oxides and Oxyacids , — A very important distinction between carbon 
and silicon is shown in the existence of (nirl on monoxide, to which 
silicon seems to furnish no analogue, although the monoxide' SiO is 
supj)oscd to be forim d in (combination when cc'rtain silicates are reduced.^ 
Carl)on monoxide results frotnthe dehydration of formic acid, II*CO*()n, 
but silicoformic acid is unknown, though its anhydride, IlaSigO^, exists, 
and probably has the constitution : 

, II— Si ~0— S^H. 

A A 


This su])stance is a strong reducing agent, reacting according io the 
ecpiation : 


ll2Si./)3 + 20 = 2Si02 + JIA 


and not thus : IlgSiaO-j ™ 2SiO, which would be the reaction 

necessary to establish an analogy in this case bebw(X‘n carbon and 
silicon. 

Silico-oxalic acid, H2Si204, and silico-mesoxalic acid, 1148130^, 
dcTived from tluir resp('ctive chlorides, are analogous in constitution 
to the corresponding (mrbon acids, thus : 


and 


Oil 

0=c;— oil 

o- C--OH 

I /OH 

I ^OH 
O^-CV-OII 


0-=:vSi— on 
I 

O- Si - OH 


().- Si— OH 

I /Oil 

Si/ 

I Mill 
0=-Si OH 


Silico-oxalic acid differs, however, from oxalic acid by yielding no salts 
with alkalis, but d(*composing thus : 

H 2 Si 204 + 4Na6ll - 2 Na 2 Si 03 -f 2 H 2 O + Hg. 
Silico-mesoxalic acid decomposes similarly. These reactions give no 
sign of the existence of SiO. . 

The Dioxides , — There is no mon' striking difference between carbon 
and silicon than that between the physical properties of their dioxides. 
Carbon dioxide is a gas, silicon dioxide a solid fusible only at a very 
high temperature. 

Carbon dioxide shows no tendency to polymerise, silica is a polymer 
of unknown molecular weight. 

^ Simmonds, Trans, Ghem. Soc., 1904, 85, 681. 

* These acids may, however, have a oycUo oonstitation ; vide Martin, Tram, Ghem, 
Sqc., 1916, 107, 319, 1043. 
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No such extraordinary difference is elsewhere presented between 
two oxides of t h(* same type. 

An inij)Ortant iutcrn lation exists, }iow(‘ver, b(*tw(‘(‘n these two 
oxides which depcauls (‘sseiitially iiprm this diffen^nce in their physical 
properti(*s. At hii^h teinj)eratnres silica displaces carbon dioxide from 
combi riation with basic oxide's-— as, for instance, when silica is fused 
with sodium carbonate ; but at atmosph<Tie temperature, and in })rcsenee 
of water, carbon dioxide displaces silica. 

Thus in past ages of tlui eartlrs history, when the temperature was 
high, probably most of Ihe carbon dioxide w^as in the air, and most 
of tlu* silica, combined wath bases in the rocks. The primitive siliceous 
rocks have, however, b(.en largely disintegrated by atmospheric carbon 
dioxide, and consequ(*nlly most of iJie carbon dioxide in the world is 
now stored up as carbonates in the sedimentary rocks, W'hilst much 
disj)Iaced silica, (‘xists in th(‘ free state. 

Carbonic and Silicic Acids.- From single mokicules of COg and SiOg 
ortho and meta acids may be (k'rived thus : 

C(()1I)„ C ()(OH)g and Si(()II),, SiO(OIl)2. 

N(‘ither orthoearbonic acid nor its inorganic salts (xist, though 
alkyl orthocar})onat(‘s are known, c.g. C(OC2ll5)4. Orthosilicie acid 
may exist in solution, souk* of its inorganic salts, such as the? magnesium 
salt MggSiO^, the chief constituent of olivine*, and zircon, ZrSiO^, are 
known, as w<‘ll as alkyl salts such as vSi(OC2Ll5)4. 

A solution of carbon dioxide in water contains motacarbonic acid, 
to which all saline carbonates corn spond. Carbonic acid decom])os('s 
generating its anhydride wath ('ffervesccnce wduTi it is liberat'd from 
its s#dts ; it th('r<'fore belongs to the class of unstable acids, which 
contains sulphurous and nitrous acids. 

“ (k'latinous silica,^’ dried over sulphuric acid, is a}q)roximat.ely 
repres(‘nt(‘d by the* formula SiO(OH)2, though hydrated silica, appears 
alw^ays to be of indefinite and variable composition. 

Sodium metasilieatc, NagSiOg, (.xists ciystalliscd with various 
amounts of wat(‘r ; Wollastonite is calcium rnetasilicate ; but nio.st of 
the natural silieat('s arc' derived from condensed silicic acids to which 
carbonic acid furnishe s no analogy wdiatever. 

Tlu're is a. conneelion betwa'cn thc'se condensed acids and polymeric 
silica, which latter may bc' regarded as their iinal dehydration j)roduct. 
This may bc re})resented by the following schemes ; 

n Si(On)4 (HOgSi— O — [Si(OII)g-OU-2 - Si(OTi)3+ {n -l)ngO 

first an hydro form 

« Si(On )4 -H. 1100Si~0 — lSi0-0]n-2 — SiOOH + {2n^l)U^O 

second anhydro form 

nSi(01I)4 [SiOgIn + ‘inHgO 

anhydride 

This attt‘mj)t to express the stages of dehydration of orthosilicie 
acid must not, howc'vc r, bc taken to mean that highl}^ condensed acids, 
and silica itself, arc necessarily in the form of long chains. More 
likely they are ring conqjounds, or may cw'cn consist of two or more 
rings joined together through oxygen atoms. 

Sulphides . — A comparison of the sulphur compounds of carbon and 
silicon shows several points of interest. 
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Carbon and silicon form tli(^ nioiiosiilpliides CS and SiS.. Carbon 
monosulphide is a non-volatilc‘ solid, and thcnforc a polymer (CS)n ; 
silicon monosiilpjii(i(‘ is volaiiJ(‘. Thioearbonyl eldoride/ CSClg, is a 
liquid boiling at ; thiosilieyl (‘Iiloride. SiSCI^, a crystalliiu* solid 

nieltiiii^ at 74'' C. 

Silicon disul[diide sublinu's at hi^li itanperidure aful is more volatile 
than the dioxide, whilst carbon disuljdiide, Ixiuj^ a liquid at ordinary 
temperature, is less volatile than carbon dioxide. Silicon disulphide 
resembles carbon d^sulphid(? in beini^ a thioanhydridt', the two sulphides 
^^iviii]^ rise to thiocarbonates (e'.g. NagCS^j and thiosilicates {c.g. 
Na 8183) respectiv('ly. 

Compounds' zvith Nitrogen , — Whilst nilroi^a^nous carbon coTn])ounds 
are exccediuj^ly numerous and important, cornspondin^^ compounds of 
.silicon are few', and those that exist hear liRl(‘ resemlilauec^ to their 
carbon analogues. 

The compound SiNH does not rcsembk' hydrocyanic acid, IICN : 
silicothiourea, 8iS(NH2)2» differs from its carbon analogue* in being 


decomposed by water ; the amino grou|>ing ^Si — NII^ shows no rela- 


tionship to the corrcs])onding carbon giouping Never- 

theless the anilide Si(NnC6ll5)4 does resemble in behaviour th(‘ corre- 
sponding carbon comj)ound. 

Comparison of the Elements of the A ard B subgroups with Carbon 
and Silicon. — It has already been s\iggest(‘d in ilu* introductory study of 
the fourth group that tlu; (‘iements of the R subgroup will be rather more 
closely related to carbon and silicon than those of the A subgrouj), 
being therefore sonu'wliat more ek‘ctroncgative than the latter ; but 
that the difference in properties bc'twc‘(‘n similarly situated elements 
in the two subgro\ips will Ik; less pronoimced than in any otlu r group 
of the periodic system. These two ])oints may noAV be (*lucidated by 
comparing silicon with germanium and titanium res|,)c‘etively. 

Silicane, 8iH4,is rather unstable ; nevertheless the close relationship 
between germanium and silicon is slu)vvn by the existence of an unst able 
hydride, GeH4, and by the two chloroforms : 


8iHCl3 ; R.P. 84° C. ; GcUCLj : B.P. 72° C. ; 

which, however, are diffcTently dccomposc’d by w\ater, because germa- 
nium forms no cond(;nsed acid : 


2 SiHCl3 + SMgO - [H8i0|,0 + 6ll(t 

GcHClg + 2II2O - H GeO on 4- 8HC1. 

Whether or not titanium can form a gast‘ous hydride', Til 14, or a 
chloroform, TillCla, is an interesting question. It has not be(;n found 
possible to prepare TiHClg,^ but there is some evidenc'c of tin; ]>ossible 
existence of Til 1 4.*^ Undoubtedly,, however, germanium forms a more 
stable volatile hydride and chloroform than titanium. 

Alkyls, both of metals and non-metals, are more stable than the 
corresponding hydrides. Germanium alkyls exist, but it is doubtful 
if titanium alkyls have been obtained. If they exist(*d they would 

1 Schneider, Zeiisch. anorg. Chew, 1895, 8 , 81. 

* Eenz, Eer,, 1906, 39 , 249. 
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constitute an exc(‘ption to tlie rule tliat orj[fMno-inctalljc compounds 
are confined to metals in the B subgroups of the periodic system. 

Titanium tetrachloride!, TiCl,,, boils at C. ; ^rermaiiium tetra- 

chloride, GeCl^, notwithstanding^ the hi<,dier atomic w(‘i^dil of ^armanium, 
boils at 80'^ C, 

Titanium dioxide , TiO^, huius the disulphate Ti(S 04 ) 2 ; germanium 
dioxide, GeOa, forms no oxysalis. 

These facts sidlicc! to show that titanium is some wiiat more m(‘tallic, 
and therefore less clos(‘ly ndated to silicon than is jLrermanium, thouj^h 
the contrast between the two (‘lements is not ^n*eat. 

What is triH3 of these two elements is true of the series of elements of 
which they are the first members, so that the eleme nts zirconium, cerium, 
and thorium are more distinctly metallic tlian the ( lements tin and lead. 

It now n'mahis to study the i^radation of properties of the el(!nients 
of Grouj) IV B, namely, i{(‘rnianiuni, tin, and lead, which closely follow 
carbon and silicoi» ; llic'n to make a similar stiuly of the Group IV' A 
elements, nain(‘ly, titanium, zirconium, ct rium, and thorium ; and 
finally, by m(‘ans of the facts adduced, to institute* a gemerai comparison 
between the two sub^rou}>s. 

COMPABA17VE STUDY OF GERMANIUM, TIN, AND LEAD 

The Metals. - The gradation of })ropertics pr(*sente‘d by these three 
metals is set forth in the ac(.*ompanying table. According te) the 
inte‘r})retatie)n e>f the' p(*riodie systean alreaidy given, this graelation should 
show an increase in me'tallic propertie's with rise of atomic weight. In 
a ge'ueral way this is the case ; though, as will be seen, ne)t all the 
propertic's of the metals pe)int te) this conclusion. 

COMPAHATIVE STUDY OF GERMANIUM, TIN. AND LEAD 



Oc. 

Sn. 

1 Pb. 

Atomic weight 

72*5 

llS-7 

1 207*20 

Phj'sical cliaractcrs 

Greyish -whites lus- 
trous, brittle) 

White, highly lus- 
trous, ductile, 

not tenacious ; 
malleability di- 
minislies with 

rising tonifX'ra- 
turc : brittle at 
200 ° C. 

P/luish - grey, soft 
tough, malleable 

Crystalline form . 

Crystallises in regu- 
lar system 

Tetragonal 

Regular octahedra 
and monoclinic 
plates 

Denaity 

5-47 

7*30 

11*35 

Atomic heat 

About 5*5 

6*2 

(V2 

Mc'lting-point 

958° C. 

231° C. 

327° 0. 

Boiling-point 

Above 1350° C. 

Very high 

1140°-1142° C. 

Allotropic forms . 

1 

Nono known 

Grey tin, stable 
below 20 °,demsity 
gr. 5-8. Rhombic 
tin, density 0*5 

None definitely 
known 

Action of air 

None 

None 

Film of Pb 20 formed 

Action ejf HOI 

Nono 

SnCh + Ha 

VhCi, + Ha 

A( 3 tion of HNO 3 . ; 

1 

Forms GeO* 

Dilute) yields 
Sn(N 6 n )3 

Concentrated yields 
hydrated SnO* 

Pb(N03)2 
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The question of allotropj" is of interest luTe. Tin exists in thn'o 
allotropic forms. Lead, bein^ more metallic tlian tin, d()(*s not (‘xhibit 
such welLdcdined allotr()])y : but .ircrmaninni mi^dit be expected to 
show tliis ])Jienom('non el(‘a.rly, (\speeiaJI\'' as it aj)proximaXes to silicon 
in oMut prof)ert.ies. That no allotropy has been oijserved may p(‘rhaj)s 
be attributed to th(‘ rarity of germanium. 

The melting“])oint of germanium is much higher than that of tin 
or lead ; but in tliis it a])proximates to silicon, which also it n‘s<iubles 
in the value of its atomic heat (At. Jit. Si — 5 * 7 ) ; whilst tin' atomic 
heats of tin ajid le ad show the n(»rmal value for metals. 

Conductivities for heat and electricity do not follow the periodic 
law ; but the action of acids on these three metals is significant. 

No element less electropositive than hydrogen displaces this elemcait 
from hydrochloric acid. Germanium has no action on this acid, bt*iug 
in all probability less electropositive than hydrogen. Tin and lead 
both disjdace hydrogen slowly from tlu^ concentrated acid, and li(‘ 
close togeth(T in the electro potential scries imnicdialxty above hydrogtai. 
Indeed it cannot certainly be attirmed that lead is more electropositive 
than tin. Possibly the inthu'uce of the relationship as regards electro- 
potential which obtains in the eighth group extends even as far as 
Group IV R. 

The reactions of these metals towards nitric acid bear a different 
significance, for they involve the question of the ('xistt iuH^ of oxysalts. 
Germanium, which forms the dioxide without th(‘ intermediate appear- 
ance of nitrate, is more reactive than silicon, which is ineit. towards 
nitric acid alone ,* but tin forms in solution unstable stannous nitrate 
with the dilute acid, and with more concentrated acid a still less stable 
stannic nitrate which quickly passes into hydrated stannic oxide, or 
metastannic acid. Lead, however, forms the stable nitrate* PI>(N03)2, 
which is not much hydrolys(xi by water. Thus is shown an emphatic 
chemical difference between tin and l(‘ad, to which there; is no corre- 
sponding electropotential difference ; this is one amongst other examples 
which indicate that t he basigenic and electrochemical pr-:>})(‘rties of the 
elements in a natural group may not stand in tlie same relation. 

Valency. — Each of these elements manifests the typical group 
valency of four, and it has been shown in the case of tin i that the dispo- 
sition of these valencies conforms to the tetrahedral type characteristic 
of carbon, since “ as3mimetric ” o])tically active dc*rivativcs have; been 
prepared. Besides being quadrivalent, each element forms a series of 
compounds in which it is bivalent. As in the fifth grouj), the elements 
of lower atomic weight tend to form compounds in which the higher 
valency is satisfied, whilst as regards the elements of higher atomic 
weight the compounds where the lower valency is exercised are the 
more stable. Thus the germanious ion Ge** reduces €1*04", Mn04', 
and All-* to Cr***, Mn** and gold respectively ; the stannous ion, Sn**, 
reduces Hg** to Hg* and mercury, Fc— to Fc** and Cii- to Cu* ; whilst 
the lead ion Pb** has no reducing properties whatever. On the other 
hand, quadrivalent lead compounds arc; oxidising agents, being reduced 
in presence of acid to salts of Pb**. Further, the tetrachlorides of 
germanium and tin arc liquids which distil unchanged ; whilst lead 
tetrachloride, PbCl4, cannot be distilled, but decomjioscs at atmospheric 
temperature into PbClg + Clg. 

^ Popo and Peachey, Proc Ohem. Soc,, 1000, 16 , 42, 116. 
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It is to be obs('rve(i, ruorc ovcr, that none of these elements exhibits 
tervaleney. In this resiKct tluy differ in a noteworthy manner from 
the elements of I lie A snh^ronj) (7.1’.). 

Atomic Linkage. It was s<*('n that silicon falls far sliort of carbon 
in its j)ow(‘r of alomie linkai^c* ; and jjjernuininm, tin, and lead resemble 
the majority of elements in not formin^f eoni})ounds containing chains 
of their atoms. Stannous chloride vapour may, howevir, contain 
the molecules (l.^Sii SnCL, thus restanbling ferrous chloride, wdiose 
va])Our at low banjieratnix s contains Fe2Cl4 moleciih'S. 

Tin a})pears to res('nil)lc silicon, however, in forming chains, or 
perhaps rings witli aJUrnaU^ oxygen atoms; thes(‘ probably (‘xist in 
p-nu'tastannic acid and its derivatives, which are known to be })olynieric. 

Hydrides and Organo^metallic ” Compounds.- -The power to form 
a volatik; hydride, Mli.i, is limited to gcaananium, but, in accordance 
with a, well-known principle, lh(' power to form volatile organo-m(*tallic 
compounds may l)(‘ (‘X])eetcd to extend to elements of higher atomic 
weight. As a. matti'r of fact tin and le^ad, as well iis gea-manium, form 
these compounds, in wliich the* metal is quadrivalent, thus ; 

Ge(C2n,)4 SiKC^lI,).! F1>(F2H,)4 

B.R 10 (F ('. li.r. J 7 ir C. B.r. 152° C. at lOOmm. 

Tin also forms a diethyl, whieh is supposed to be Sn(C2llr>)2» 
which the metal is bivalent ; but this compound may be of tUt‘ ethylene 
tyi)c : 

(C2n5)2^«--Sn((’2ll5)2. 

Halides. Th(‘ following halidt‘S arc typical : 



1 Co. 

Sri. 

l*b. 

1 




— 

1 _ 

MCI., 

colonrloMR 

SnCI,. ])ri.sinH, M.P. 

jpii(^l., i\l.r. about 


finninp: lupiid, re- 

25(PO,B.P. ()U(PC. 

1 5()0"(f,n.tM)r>rp(\ 


diu‘.ii\" annit; hv- 

lUodoratt'ly sol. in 

' Tnpol. in other, not 


drc*lvsod })y water 

etlxT, Strong r(‘- 

a rcduriing agent ; 



diioing agent ; hv- 

not hydrolyKSod }>y 



drolysed by niiioh 

water 

MCb . 

litjnid, H.P. 

wak‘r to Sn < * 

SnCk, liquid, RV. 

Pb(/1,, yellow liquid, 


SIP (\, slowly hy- 
drolyst'd to < loO, 

' lUM)'" <X, forms 

' docorapoRos easily 


1 Irydraies with col<i 

1 to PbCh + Clg. 


1 water, hydrolysed 

; explosiv(^ly at 

(complex lialtdos 

IJoGoFf, and salts 

1 

by much water 

H«SnF, (?) 

KSiiCb, KaSnCb 

K^SnF*, KgSnCtj I 

1 

1 

105° 0. ; forms hy- 
drate with a little 
; water; hydro- 
lysed by excess 

KgPbCb, etc. 

K^HPbFg 


K,PbCl« 


If it is rcmcanbered that a non-metallic chloride is usually distin- 
guished from a met allic etiloride by volatility, solubility in non-hydroxylic 
solvents (c./f. ether), and by being hydrolysed by water, it will be seen 
that the above diclilorides illustrate a transition from almost non- 





INTRODUCTORY 17 

metallic characters in germanium to almost metallic characters in lead. 
At the same time, tlui fact that lead dichloride, PbClg, is not a reducing 
agent shows that lead does not assume the (luadrivaUait form so readily 
as tin or germanium. The* tetrachlorides a])[)roac]i more nearly to the 
properties of non-metallic chlorides than the clichlorides, but those of 
tin and lead are shown to possess some saline characters by forming 
crystallohydrates ; while the instability of lead tc traeliloride, PbCl4, 
might be expected from the non-reducing property of the dichloridc 
just referred to. 

The complex halides are instructive. The formation of a doiibh* 
or complex salt always depc'uds upon the exist c*ne(‘ of some eleetro- 
eheniical difh'rence between its component salts, tliough tlie difference 
between a double and a complex salt is only one of degree. It may 
well be suppos<‘d that all the halides under considcralion are sulliciently 
electronegative or non-metallic in character to combine with alkali 
halides, and many of them do so combine. 

It ap})cars singular, howev^cr, that in the cuse of germanium only 
the (complex fluoride is known. It is noti*worthy that in this res}>ect 
germanium is quite analogous to silicon, wiiich forms the complex acid 
llgSiFg, b\it no other com j flex halogen acid. 

Oxides^ Hydroxides, and Salts.— -All three elements form mon- and 
di-oxides to which c(*rtain hydroxides and oxysalts corres})ond, thus : 


GeO. 

SnO. 

PbO. 

Go(OII)5j 

1 

II GeO OH 

No oxysalts 

[811(011)2 unknown] 

[Pb(OH)2 unknown] 

2Sn0.H20 

IISnO-ONa 

SnSO, 

Sn(N03)2 

2Pl)0.M,0, SPbO-IIjO 
IIPbOONa 

PbS04 

Pb(N03)2, PbCOa, etc. 

GeOij. 

Sn02. 

PbO^. 

Gc(OH)„ GeO(OII), (?) 
(feebly acidic, and basic) 

HjSnOj 
(HaSnds)^ or 

HssSnjOii.HIaO 

and 

HgSn50ii.2lIg0 

Sn(OH)4 

Sn(S04)3 

[Sn(N03)4l 

HgPbOa 

|Pl)(01i)4 unknown] 
PbaO, - PbPbO, 
Pb304 =-Pb.,Pb64 
Ca2Pb04 

CaPbOa 

also 

H2Pb(OH)e 

K2Pb(OII)e 
(Pb(S04)3 
tPb(C3H303)4, etc. 


That the monoxides increase in basic ])ower from germanium to 
lead can be judged from a consideration of th(‘ oxysalts. Germanium 
monoxide forms no oxysalts ; stannous sulphate and nitrate exist, but 
there is no carbonate ; lead monoxide forms numerous oxysalts, in- 
cluding a carbonate, and is thereby sliown to be a basic oxide of con- 
siderable power. That the hydrated oxides diminish in acidic power 
from germanium to lead has been shown by Hantszch,^ who has proved 
^ Haatzsch, Zeiiseh. anorg. CTiem,, 1902, 30, 289. 
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progressive hydrolysis of the sodium salt solutions : HGcO*ONa, 
HSnO.ONa, HPbO ONa. 

Germanic oxide, GeOg, is soluble in acids and alkalis, in which it 
exists as the cathion Ge**’* and the anion GcO;/' respectively. No salts, 
liowever, have been isolated from theses solutions, but from its solution 
in alkali carbon dioxide pnxiipitatcs germanic oxide, GcOg. 

Considering how closely germanium resembles silicon in the com- 
pounds GeH^, GeHClg, GeCl4, it is singular that there should appear 
little resemblance between germanic oxide and silica. 

Stannic oxide, SnOg, differs from germanic oxide, GeOg, in forming 
condensed acids containing five atoms of tin, which recall the complex 
silicic acids, and also by exhibiting feebly basic properties in the sulphate 
Sn(S04)2, unstable nitrate, Sn(N03)4. 

Lead dioxide, PbOg, differs from stannic oxide, Sn 02 , in the types of 
acid to which it gives rise, since ortho and meta jdumbates are known, 
as well as salts of the acid ll2Pb(OH)3 ; but lead forms no condensed 
acids analogous to those of tin. Lead dioxide also differs from stannic 
oxide in forming salts with the lower oxide PbO ; since PbgO^ is lead 
mctaplumbate, PbvPbOg, and Pb304 lead orthoplumbatc, Pb2*Pb04. 
Probably, however, this difference should be attributed to the superior 
basic power of lithargi^ over stannous oxide, rather than to acidic 
difftjrence between plumbic and stannic oxid(‘s. There arc no exact 
data to show that lead dioxide is a wejiker acidic oxide than stannic 
oxicU^ but the following difference in behaviour is noteworthy. 

When brornine-w'at(‘r is added to the solution obtaiiu'd by adding 
excess of alkali hydroxide to stannous chloride solution, alkali stannatc 
is formed ; but w'hcn a simikar (.ixperiment is performed with a lead 
solution, hydrated lead dioxide is prc'cipitated. This result suggests 
that lead dioxide is less acidic than stannic oxide ; and that the former 
is the more basic is sho^vn by the existence of various salts of fpiadri- 
valent lead such as the sulphate, acetate, etc. 

Sulphides.- The properties of the sulphides accentuate the chemical 
difference between tin and lead more than those of the oxides. Sulphides 
are naturally l(*ss acidic than the corresponding oxides, and precipitated 
lead sulphide, unlike hydrated litharge, is insoluble in alkali hydroxide 
solution, in which stannous sulphide, SnS, being more acidic than lead 
sulphide, PbS, dissolves somewhat tardily. 

Lead is not known to form a disulphide, a fact which cmpliasises 
the inferior stability of quadrivalent l(‘ad compounds ; but stannic 
sulphide, SnSg, is easily soluble in alkalis, being more acidic than 
stannous sulphide. 


COMPARATIVE STUDY OF TITANIUM, ZIRCONIUM, 
CERIUM, AND THORIUM 

It has already been* shown that titanium is more metallic than 
germanium ; and, by inftrence, that zirconium, cerium, and thorium 
are, on the whole, more n|etallic and electropositive than tin and lead. 
It will therefore be of int(i|*cst to inquire what sort of compounds are 
formed by these somcwhat^.more electropositive metals, and how they 
compare with the compound^ of germanium, tin, and le^. 

With the possible exccptl^on of titanium these elements form 


no 
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^taseous hydrides ; neither do they form orgai o-m ‘tallic compounds. 
Zirconium, however, forms a solid hydride, Zrllg, and cerium a solid 
hydride, probably CcdiyJ 

Halides and the Question of Valency. — The following table include s 
representative halides : 


Ti. 

1 

Zr. 1 Co. 

i 

Th. 

TiCl, 

TiF, TiCl, 

r\F\ Tin\ 

K;riF« (NH4)/Ti(\ 

i 

7aC\ (?) 

ZrCq ' j 

FC,a-C\)''-S 

KjZrF, 

NasZrl'', 

TliF^ ThCh 


At first siglit the interpre tation of the relationships here display(‘d 
appears dilfieult. Zirconium and thorium seem to be rigidly quadri- 
valent elements, but titanium appears also to be both bi- and ter- 
valent, whilst ecTium is t(T\"alent in its stable halides, the tetrachloride 
C(‘Cl 4 being very nnstabh' and prone to decom[)Ose into th(‘ trichloride 
and chlorine, though it forms complex salts of the tyjic M 2 CeClQ.^ 

These two anomalies, \’iz. the lower valencies of titanium and the 
feeble (juadrivaleiiey of cerium, may be explained by considering the 
relationships of tJiese elements to other (dements in adjacent groups. 

Following titanium in series arc vanadium, chromium, ami rnanga 
nese ; and no other elements are so rich in variety of compounds as 
these, on account of varinble valency and transition from basic to 
acidic pro[)evties with rise of s aUaicy. It will now be seen that titanii m 
is the first of a seric^s of four (dements — or fivc‘, if iron is included — witn 
variable valcaicy, which may be thus expressed : 


Ti» 

Tim 

Tiiv 



yii 

yiii 

yiv 

yv 



Cr‘" 

— 

— 

cv 

Mill* 

Mu”' 


— 

Mu'” 

Yell 

Fc'” 

— 

— 

Fc" 


So is illustrated th(.‘ relationship whi(^h elements may bear to tlieir 
neighbours in s(*ries as well as in group — a fact which bc^comes more 
prorniricnt in the region of the eighth group. 

The feeble quad ri valency of cerium would seem tci justify the 
exclusion of this element from Group IV altogether, and this anomaly 
must now be considered. 

Both by natural occurrence and the properties of many of its com- 
pounds cerium is shown to be one of the rare varth metals. The line 
of these metals begins with scandium, descends the third group through 
yttrium and lanthanum, then passes to cerium in the fourth group, 
and thence through praseodymium, neodymium, samarium, em*opium, 

( Gadolinium, terbium, dysprosium, erbium, thulium, ytterbium, and 
utecium, to tantalum in the fifth group. 

^ Muthinann and Kraft, Annalen, 1902, 325 , 265, 

* J. Koppcl, Zeitach, anorg. Chem,, 1898, i 8 , 305. 





20 


CARBON AND ITS ALLIES 

The existence of these numerous, and generally very rare, metals 
between lanthanum in the third group and tantalum in the fifth is itself 
an anomaly so far as the periodic law is concerned ; but in face of this 
anomaly it is not surprising that cerium is not a proper fourth-group 
element. No doubt its alTinities lie with the third group, as is shown 
by the stability of its tervalent compounds. Consecpiently the detailed 
description of this element and its compounds will find a place in the 
volume dealing with the third group. 

It is noteworthy that (^ach of these four elements forms alkali salts 
of the complex acids H2XF6, and that silicon, germanium, and tin 
form similar compounds. Thus, with the exception of carbon and 
])ossibly of lead, every element of the fourth grou]) forms these complex 
fluorides, which may therefore be regarded as fundamentally typical 
of the group. 

Zirconium and thorium resemble each other in forming complex 
fluorides of other than the group type, but in every known halide, 
and indeed in every known com]wund except ZrHg and ZrgOg, theses 
two metals are quadrivalent. This is a remarkable fact for which th(^ 
periodic law can provide no parallel, and therefore no explanation. 
For it will be found on examination that there is no other element 
possessing a valency of four or more which does not e xercise Ic^ss tlian 
its typical valency in some of its compounds. In the case of zirconium 
this constant valency appears all the more remarkable when compared 
with that of titanium, which resembles the succeeding element vanadium 
in variable valency ; for columbium, which follows zirconium, also shows 
variable valency. 

A comparison of the tetrachlorides TiCl4, ZrCl4, (CeCl4), and ThCl4 
will serve to illustrate the gradation of metallic propertic^s. 

Titanium tetrachloride, TiCl4, is a liquid boiling at 136 ° C., which 
reacts with water with evolution of heat yielding first TigOgClg and 
then HgTiOg by complete hydrolysis. Zirconium tetrachloride, ZrCl4, 
is formed as a crystalline sublimate ; it gives with water no crystallo- 
hydratc but a soluble oxycliloride, ZrOClg, and, by dialysis, the colloidal 
hydroxide, Zr{OH)4. 

Cerium tetrachloride, CeCl4, is unstable ; but thorium tetrachloride, 
ThCl4, melts at 820 ^' C., and easily dissolves in water, but with evolution 
of heat, thus showing a vestige of chloranhydride character ; it forms the 
crystallohydratcs ThCl4.8H20 and ThCl4.9H20, and the oxychlorides 
ThClgOH.THgO and ThCl2(0H)2.5H20, soluble in water. 

Titanium tetrachloride, TiCl4, dissolves in concentrated hydrochloric 
acid, forming H2TiClg, which gives rise to a well-defined series of salts. 
Zirconium tetrachloride, ZrCl4, has a much feebler power of forming 
complex salts ; NagZrClg is probably formed by heating its constituent 
salts altogether, and pyridine and quinoline salts of the same type exist. 

Cerium tetrachloride, CeCl4, forms complex salts M2CeClj ; but 
thorium tetrachloride, ThCl4, forms no inorganic salts of this type, though 
corresponding pyridine and quinoline salts are known. 

All these facts illustrate a gradation from chloranhydride characters 
in titanium tetrachloride to almost completely saline characters in 
thorium tetrachloride. 

It will be remembered that titanium is more electropositive than 
germanium, the corresponding element in the B subgroup. This 
relationship may be expected to extend throughout bothisubgroups to 
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thorium and lead respectively. Now, although lead tetrachloride is 
unstable, it is a liquid and readily combines with ammonium chloride 
to form ammonium plumbichloride, (NH4)2PbCle. Its saline character 
is shown by these two facts to be inferior to that of thorium tetrachloride. 

The relationships of the oxy-compounds of Group IV A may i-iow be 
considered. They will be the easier to understand in view of the above 
study of the halides. 


OXY-COMPOUNDS OF GROUP TV A 


Ti. 

Zr. 

Ce. 

Th. 

TiO, TLS, TiS 04 (?) 

! 



Ti(OH )3 

Zi’aO, 

C.W()H )3 

— 

^12(^04)3 and 

Ce2(S^4)3» various 


double salts ; e.g. 
M 3 Ti,(S 04)4 

24H3O 


hydrates aiul 
double salts, but 
no aliira 



0c(N04)„ 

062(003)3 



Ti 0 .t, 

ZrOo, ZrOa.HaO 

CeOa, Ce(0H)4 

ThO^, Th(OH)4 

Ti(OH),.*HjO 

Ti(S()4)j,Ti0S04 

Zr(S04)2, Zr0S04 

tV(S04)4 

Th(S04)2 (various 
hydrates) 
K 4 th(S 04 ) 4 . 

K^TKSO.), 

K4Zr(S()4),. 

K40e(S04)4, 

K 2 Zr 203 (S 04 ), 

2CtKSO 4)2*00.2(804), • 

KaTIKSOJe, 


H2SO4.24II2O 

Rb2Th(S04), 

Na^TiOa, MgzTiO^, 

Zr(N 03 ) 4 . 

Ce(N 03 ) 4 , 

Th(N 03 ) 4 . 

ph osph 0 titan a t cs , 

Zr()(NOa)2, 

[ K 2 Ce(N 03 )e 

K2Th(N03)9, etc. 

e.g. 

NagZrOj, CaZrO, 

Neither 

Basic carbonates: 

KaO^TiOjPaO* 

! nor C0O2 is acidic 

K 3 Th(C 03 ) 5 . 

(NH 4 ) 2 Th( 003)3 





ThOg has no acidic 




properties 


SUPEROXIDES AND ACIDS 


TiOs SHjjO or 

(ZraOJ. ZrOa, 

CeOa-arH^O 

ThaO, -> ThO, 


Zr(02H)(0H)„ 

Th(02H)4, 

Na2O.aTi3O.3H2O 

Na4Zr20]:'4 


Th(02H)2(0H)2, 

Th(03H)(0H)3 



1 

No salts 


The Lower Oxides and their Salts. — Titanium monoxide resembles 
germanium monoxide in scarcely forming oxy-salts, for both oxides are 
but feebly basic. Attention has already been drawn to the non-existence 
of lower compounds of zirconium and thorium. It is remarkable that 
this subgroup furnishes no analogues to the monoxides of tin and lead 
and their salts. 

The Sesquioxides. — The sesquioxides TigOg and CcgOg differ in the 
properties of the salts they form. Ti2(S04)3 differs from the sulphates 
of Group III A, but resembles V2(S04)3, Cr 2(804)3, Mn 2(804)3, 1^02(804)3, 
and Cr2(S04)3 in forming an ^um. Thus the relationship between 
this series of consecutive polyvalent elements is further exemplified. 
No nitrate or carbonate of Ti“* is known, and the sulphide TigSg is 
formed only in the dry way. Nevertheless displays no acidic, 

power. 
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CcgOg and its salts resemble the corresponding compounds of 
Group III A, and arc indeed ty])ical rare eartli com]>ounds. Thus the 
oxides Se^Og, YgOg, LagOg and CegOg all form double sulphates which 
arc not alinns. 

The Dioxides. — The oxides TiOg, ZrOo. CeOg, and ThOg show an 
increase of Ixasic power from Ti to Th, and a corresponding diminution 
of acidic power. Thus Ti*'^ and Zr^'^ form dclinite basic sulphates, 
such as are not formed by and Th*''' ; though Th(S04)2 has an .acid 
reaction in solution and hydrolyscis cane-sugar and methyl acetate. The 
power to form double sulphates, which persists to sliows the presence 
of feebly acidic properties. Ti"* is not known to form a nitrate or 
carbonate, prob.ably not being basic (‘nougli. Nitrate appears with 
Zr*'^ and also a basic nitrate, Zr()(NOg)2, as might b(' expected ; whilst 
a characteristic of Ce*'" and Th*'' is the formation of the doubki or 
complex nitrates K2Ce(N03)6 and K2Th(N03)e. 'J'h*'^ alone forms a 

carbonate, which is basic, and sev'^eral doubles carbonates. 

The acidic properties of the dioxides are very instructive. Although 
titanium dioxide is much more basic than silica, the titanic acids resemble 
the silicic acids. Orthotitanic acid can exist in colloidal suspension, 
metatitanic acid is a gelatinous precipitati*. Each variety of acid forms 
salts, and phosphosilicatcjs correspond to tlui })hosphotitanatcs. The 
acidic })roperties of ZrOg are of the feeblest description. By fusion 
of this oxide with basic oxide s salts of sonu'whjit indelinite^ composition 
are obtained, which are hydrolysed by water. A similarity between 
zirconates and silicates is, however, shown by the exist(‘iu'e of siJico- 
zirconates, K2(Si0g,Zr03). ZrOg is a fe(?])kT acidic oxide than TiOg, 
and with ZrOg acidic properties end ; neither Cc'Og nor ThOg is acidic. 

The Superoxides.— The formation of superoxides, derivatives 
of hydrogen peroxide, in which tlu^ valency of the metal is not increased, 
is a characteristic which sharply diffenmtiates the nu tals of Subgroup 
IV B from those of Subgrouj) IV A. That the power to form a super- 
oxide is connected with the electropositiveness of the metal is shown 
by the fact that the most stable supcroxidcs are formed by the most 
electropositive metals, i,e, the metals of the alkalis and alkaline earths. 

Lanthanum forms the superoxide LagOr,, and thus the mebds of 
Group IV A are connected through the third group with the alkaline 
earth metals as regards this property. 



CHAPTER II 

CARBON AND ITS COMPOUNDS 


CAURON 

Symbol, C. Atomic weight, 12*005 (O — 16) 


General. — The element carbon is widely distributed throughout the 
visible universe. Its presence in the cooler stars has been revealed 
by spectrum analysis, and its cosmic distribution is indicated by its 
occurrence in meteorites. Most, if not all, of the carbon in the free 
and combined state in the world was originally present as atmospheric 
carbon dioxide. Thence, through the medium of water, it passed into 
combination with basic oxides to form mineral carbonatc^s, wliich 
constitute a considerable part of the crust of the earth. With 
the appearance of vegetable life the diminution of atmospheric 
carbon dioxide continued, “ organic ” compounds were formed, and 
carbon was liberated in the free state. Henceforth tlie clement per- 
formed a twofold function : as the material basis of living organisms 
and as a carrier of em‘rgy. The former function was possible to carbon 
alone because of the particular degree of rediicibility of carbon dioxide 
and of the unique power possessed by this element of combining with 
itself, and with hydrogen, oxygen, nitrogen, sulphur, and other elements, 
to form the innumerable compounds of “ organic ” chemistry. The 
latter function depends upon the fact that the reduction of atmospheric 
carbon dioxide by plants is accompanic*d by the absorption of solar 
energy, which is thus stored up in wood, coal, and other combustible 
material, and is then available in the form of solid, licjuid, or gaseous 
fuel to meet the manifold needs of human civilisation. 

Molecular State of Carbon. — ^Thc vaporisation temperature of carbon 
is exceedingly high, and consequently the vapour density of this element 
has never been ascertained. Carbon, however, dissolves in molten 
iron, and it would appear that this fact might furnish a cryoscopic 
method of ascertaining its molecular weight. But a carbide of iron, 
and not free carbon, exists in such solution.^ A hint of the molecular 
state of carbon is given by the production of mcllitic or benzenc-hexa- 
carboxylic acid, Cg(COOH)6, from charcoal by oxidising agents. Since 
phthalic acid is derived from naphthalene by oxidation thus ; 


H H 


HC C CH 

ai I Ja 


II H 


H 

HC CCOOIl 

iii l:coon 


\c/ 

H 


I 


Naphthalene. Phthalic acid. 

Roozeboom, ZeU»ch. phyaikal Chem*, 1900, 34 , 436. 
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it may be presumed that benzeiic-hexacarboxylic acid — 

CCOOH 

/ \ 

COOHC CCOOH 

I II 

COOHC CCOOH 

\ / 

CCOOH 


is derived from a benzene nucleus surrounded l)y three other benzene 
rings thus ^ : 




C 

/ \q/ \q 



It is possible, therefore, that solid carbon is built up of benzene nuclei 
after this fashion. 

Dewar ^ dcTives the constitution of the carbon molecuh? from mellitic 
acid, thus : 


COOII 

i 

Ildoc. .COOH 

<1 i 

HOOc/ X^,/- \cOOU 

ioOH 

Mellitic a(‘i(L 


/C\ 

I \c 
|\xX/ 

I c c 

i ■ I 


Carbon. 


but Aschan ^ considers that this view does not harmonise with Bacyc^r’s 
strain theory, and proposes the following constitution for the molecule 
of carbon in wood charcoal : 



' Schultz, Ber„ 1871, 4 . 802, 80.1. 

® Dewar Chem. News, 1908, 97 , 16. 

• Aschan, Oh4sm. Zeit,^ 1909, 33 , 561. 
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Diinroth and Kerkoviiis,i however, bring evidence to show that a 
molecule of carbon contains C^-rings as well as benzene rings. Hans 
Meyer, ^ on tlu^ other hand, regards each of the forms of carbon as an 
aggregation of particles of various sizes, and consequently discounts 
the value of theories as to the structure of the carbon molecule. 

Valency of Carbon* — The stud}?^ of the compounds of carbon played 
a very important paii: in the development of the doctrine of valency. 
Consequent upon his researches on fulminate of mercury, Kekule ^ 
added to the types of Gcrhardt another type, that of marsh gas, which 
at first he wrote C2H4 (C = 0), but afterwards recognised that in this 
compound 1 atom of carbon (C = 12) combines with four atoms of 
hydrogen. Thus, in extending the doctrine of valency which had been 
brought forward by Frankland, he declnn d th(‘ carbon atom to be 
(piadri valent. “ If we look at the simplest compounds of this ehmient, 
CII4, CIT3C1, CCI4, ClIClo, COCI2, CO2, CS2, and CHN, we are struck by 
the fact that the (juanlity of carbon which is considered by cluanists 
as the smallest amount capable of existence — the atom — always binds 
four atoms of a monatomic or tw'o of a diatomic clement, so tliat the 
sum of the chemical units of the elements combined with one atom of 
carbon is always equal to four. We are thus led to the opinion that 
carbon is tetratomic.” ^ Kolbe ® and Frankland arrived at similar 
ideas, as well as Couper,® to whom we owe the expression of graphic 
form i life by bonds. 

Kekule was an advocfitc of constant valency.'^ According to him 
the “ atomicity of the (‘lements is a fundamental property of the atoms, 
quite as unalterable as their atomic weights.” Therefore Kekule could 
not admit ih(‘ valency of carbon ever to be less than four. 

On the other hand, the valency of many elenu'iits is known to be 
variable, and to rise to a maximum corresponding to the group of the 
periodic system to which the element in question belongs. Whether 
or not carbon is ever less than quadrivalent may therefore be dis- 
cussed. 

In carbon monoxide the carbon atom is usually considered to be 
bivalent, thus : C— O ; and Kekule and Kolbe reconcil(‘d this belief 
with the th(‘ory of constant valency, by assuming that the two remaining 
carbon valencies satisfied each other. Since it was discovered, howewer, 
that oxj^gen may be quadrivalent,* it lias been assumed that the four 
carbon valencies arc satisfied thus ; C^O, though it does not appear 
how these four valencies, which are supposed to be directed through 
the angular points of a tetrahedron, can be so far “ strained ” as to 
meet in a single atom of oxygen. 

Friend * modifies this view by his theory of latent valencies, and 
assumes that the four carbon valencies are satisfied with two free and 
two latent oxygen valencies. 

^ Diinroth and Kerkoviuft, Anruden, 191.3, 399 , 120. 

® Hans Meyer, Monatsh,^ 1914, 35 , 163. 

® KekuUS Annalerif 1857, loi, 200; 104 , 129. 

^ Kekul 6 , Ueber die KonstUuiion und die Metamorphosen der chemischen Verbindun^en 
und ui)er die chemische Natur des Kohlenstoffs, 1868. 

® Kolbe, Anncden^ 1867, lOi, 262. 

® Couper, Compt rend., 1868, 46 , 1167. 

^ Kekule, Zeitsch. Chem,, 1864, p. 889. 

® OoUie and Tickle, Trans. Chem. Soe,, 1899, 75 , 710. 

• Friend, Trans. Chem. Soc., 1908, 93 , 269 ; The Theory of Valency (Longm&m & Co.), 
1909. 
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The validity of these theories is contingent upon our knowledge of 
the nature of valency itself. Meanwhile it is pertinent to ask whether 
anv real chemical difference is indicated between the formulae C^O 
and C^O. 

Fulminic acid may be regarded as the oxime of carbon monoxide, 
and so may contain bivalent carbon, thus : C==NOH.^ Similar iso- 
nitriles and isocyanidcs, C==N*R, may contain bivalent carbon; also 
hydrocyanic acid itself if, as is possible, it has the constitution II-N^C. 

If, however, nitrogen is assumed to be quinqucvalent, carbon may 
still be quadrivalent in these compounds. 

In the year 1900 Gomberg ^ discovered “ triphenylmethyl,” to 
which he attributed the formula €(€6115)3, suggesting that carbon 
is tervaleiit in this comj)ound. Tschitschibabiri ^ regards the compound 
as hexaphenylethane (€6Fl5)3€*€(€6ll5)3, and this view is supported 
by the researches of Piccard ^ and of Sehlenk and his co-workers,® 
from which it appears fairly certain that in the solid condition the 
compound corrc'sponds to the double formula, whilst in solution in 
organic liquids it dissociates into triphenylmethyl. 

A number of carbon compounds exist, in each of which an atom of 
carl)on is attached to fewer than four other atoms or groups — one of 
which, however, is another (tarbon atom. These compounds are all 
unsatiirat(‘d ; that is to say, they (‘asily combine with other atoms or 
groups to produce compounds in which each of their carbon atoms has 
four separate points of attachment. It is not usual to regard the 
valency of carbon in these compounds as less than four, double or triple 
bonds being cm})loy('d to satisfy the valencies. 

The simplest examples of such compounds are ethylene, €2114, and 
acetylene, €3112, which are usually represented thus : 

H H 

H— CsC— H. 

II H 

Now it is not justifiable to introduce double and triple bonds 
in order to satisfy a preconceived opinion that carbon must needs be 
quadrivalent. Hinrichsen,*^ indeed, objects to the use of double bonds ; 
and if valency is regarded simply as the measure of the number of other 
atoms or groups with which an atom is combined in a particular com- 
pound his objection is valid, and carbon becomes ter valent in ethylene 
and bivalent in acetylene ; and it might even be urged that both carbon 
and oxygen arc univalent in carbon monoxide. 

To discredit this view, therefore, it is necessary to show that double 
and triple bonds have more than a pictorial significance, and this 
can easily be done. 

Thus the potential valencies of the two carbon atoms which remain 
inoperative in ethylene, for example, are not independent of each other ; 
one cannot be saturated without the other, so that no such compound 
as CH2 — CHgCl exists. It may be that the saturation of both carbon 

^ Nef, AnmUn^ 1894, 280 , 303. * Gomberg, Ber., 1900, 33 , 3150. 

® Tschitechibabin, J5er., 1904, 37 , 4709 ; 1905, 38 , 771. 

* Piccard, Annaleut 1911, 381 , 34. 

* Scblenk, Weickel, and Herzenstein, Annahnt 1910, 372 , 1. 

* Hinrlcbsen, Zeitaiih* physikal Chem,, 1902, 39 , 305 ; Annakn, 1904, 336 , 176 ; Ueber 
den gegmwdrUgen Stand der Vaknzkkrt (Stuttgart, 1902). 
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atoms simultaneously is necessary for molecular stability, but if so, 
the fact is better expressed by the double bond than by representing 
each carbon atom as separately tcrvaleiit. Moreover, when the elements 
of a halogen hydracid are removed from an alkyl halide to produce 
an unsaturat(‘d hydrociarbon, it is always two adjac(*nt carbon atoms 
which yield these elements. This would not appear nc'cessary on the 
assumption that any carbon atom in a carbon chain might become 
tcrvalent, but is necessary if loss of halogen liydracid involves 
double linkages between two adjacent atoms. Propylene, for exarnph*, is 
formed by the elimination of 111 from either normal or iso-propyl iodide, 
CHg- dig -CHgl or CH 3 CIII CH 3 ; consequently propylene must 
contain a methyl (CHg) group, and cannot be CIlg-C'IIg'CHa, but is 
necessarily CHg-CH-CHg. Thus it is two adjacent carbon atoms that 
remain unsaturated in pro})ylcne, and this fact may thercdbrc be ex- 
pressed by the doubh^ bond, and the formula for pro])ylene be written 
CH3— CII-^CHg. 

That the mode of linkages between two adjacent carbon atoms which 
arc unsaturated is really different from that between carbon atoms which 
are saturated is shown by the fact that when oxidation which involves 
rupture takes place, this rupture always occurs at the double bond. 
The relative weakness of the double bond is accounted for by Baeyer’s 
tension or strain theory, to which references will shortly be made. 

If carbon is admitted to be quadrivalent in imsaturated compounds 
such as the abova', then, with th(' few exceptions already considered, 
carbon is always quadrivalent ; for it does not appear that the valency 
of this clement ever exceeds four. 

Nevertheless Thiehi ^ has introduct^d a theory of partial valencies 
to account for the reactivity of atoms joined by double bonds, and 
especially of such carbon atoms in chain and ring compounds. 

An example of the reduction of a chain compound will illustrate 
Thiele’s theory. 

Muconic acid ; 

coon— CH=-CH— ClI==:CH~COOH, 

yields on partial reduction : 

COOll - CHg— CH-=CH— CHg— coon, 
and the problem is to account for the remaining double bond taking 
the central position in the chain. 

According to Thiele the carbon atoms possess partial valencies 
over and above their quadrivalcncy, which arc represented thus : 

The partial valencies of adjacent carbon atoms are, however, conju- 
gated, and the above system may be represented thus : 

— CH==^CH— ^ 

So the way is prepared for the appearance on reduction of a double 
bond between the central carbon atoms, thus : 

— CHa-^CH.=CH— CHg— 


* Thiele, Armahn, 1899, 306, 87, 
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Thiele has also applied his theory to the constitution of benzene, 
which according to Kekule’s formula — 


1 



4 


shows a difference between the 2 and 6 positions on account of the 
arrangement of the double bonds, unless these are supposed to oscillate. 
Thiele introduces partial valencies to conjugate the carbon atoms 
united by single bonds, and thence derives a symmetrical formula, 
thus : 


^CIl 

Hc/\cil 


lie 
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CH 



CH 



CH 


This, however, a})p(^ars to amount to making carbon quinquevalcnt. 
Tschitschibabin ^ lias discussed the various explanations which Jiave 
been given of the unsaturated character of the carbon atom in different 
classes of organic comj)Ounds ; and concludes that the num(Tical value 
of the valency of an atom is simply expressed by the number of other 
atoms with which it combines. Thus, for example, carbon becomes 
tcrvalent in ethylene and bivalent in acetylene. 

The question of the equality of the four carbon valencies may be 
briefly mentioned. It has been investigated by Popoff ^ and Geuther,^ 
and by Henry, ^ who proved the equality of the four carbon valencies 
in nitrometham* by preparing this substance by four distinct processes, 
so arranged that a different hydrogen atom should be replaced in 
each process. 

The qualitative aspect of valency may here be considered, so far 
as it applies to carbon. 

It is well known that many elements display reciprocal powers of 
combination with oxygen or halogen on the one hand and hydrogen 
on the other, the sum of the valencies in the two classes of compound 
being equal to 8. Thus there arc the follo;i^ing compounds : 


SiCl4 

SiOg 



j. . pjj . 



Cip^iClH. 


Having regard to these relationships, Abegg ® introduced the theory 
that every clement possesses a maximum valency of 8, made up of 

^ Tschitschibabin, J. Russ, Phys. Chem. Soc,, 1911, 43, 1690. 

* Popoff, Annahn, 1868, 145, 28.3. 

® Geiither, Annalen^ 1880, 205, 223, 227 ; 1883, 218, 12 ; 1887, 240, 192, 225. 

® Henryn Compt rend.^ 1887, 104, 1106; Zeitsch, physikal Chem., 1888, 2, 553. 

® Abegg, Zeitsch. anorg, Chem,, 1904, 39 , 330l 
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positive and negative or nornial and contra valencies, as in the following 
series : 

Na Mg A1 Si P S Cl 

Normal valencies +1 +2 +3 — 8 -2 — 1 

Contra valencies — 7 — G ~ 5 +5 -f (i +7 

In the first three elements of this seri(‘s the contra valencies are 
latent, in the last three they correspond to the powers of combination 
of the elements with hydrogen. Silicon, occupying a central position 
in the series, has normal and contra valencie s numerically equal, as 
shown, for example, in SiCl 4 and Sill 4 . Nevertheless, judging by the 
relative stabilities of the compounds, the + valencies of silicon, as 
manifested towards chlorine, are stronger than the — valencies, as 
manifested towards hydrogen. Now as regards carbon the + and — 
valencies appear to be, not only numerically equal, but also (upial in 
strength. It was this fact which lay at the basis of Dumas’ demon- 
stration of substitution,^ by which it was shown that chlorine could 
displace hydrogen from a carbon compound without disturbing the 
stability of the compound or fundamentally altcTing its nature. And 
not only can carbon form stable compounds in which its atoms arc 
linked with hydrogen or chlorine or both, but also stable compounds 
containing oxygen, nitrogen, sulphur, and other elements, including 
metals joined to carbon. 

More fundamental, perhaps, than the powe r possessed by carbon of 
forming stable compounds with such a variety of elements is that 
qualitative property of the carbon valencies which enables the atoms 
of this element to combine with one another in chains and rings. This 
property, which may perhaps be regarded as a manifestation of neutral 
rather than + or — valency, has been shown by Martin to be dcducible 
from a study of the affinities of the eleme nts of the scries which contains 
carbon. 

By collecting the thermal and other data regarding the combination 
of each of the elements with as many other elements as possible, and 
erecting perpendiculars representing affinities, as shown by heats of 
formation, stabilities, etc., from the loci of these other elements on the 
periodic diagram, Martin has produced an affinity surface ” for each 
clement, a glance at which shows the elements with which a particular 
element most readily combines. Thus in the series Li — F the afiinity 
surface of lithium rises to a maximum altitude over fluorine and the 
other halogens, but on traversing the series to the right the affinity 
peak is seen to travel to the left, till in the ease of fluorine it rests over 
the alkali metals. The affinity surface for carbon shows a steep peak 
over carbon itself, and a lesser altitude over oxygen. Thus it appe ars 
from the affinity surface for carbon, and consc quently from the experi- 
mental facts on which it is constructed, that this element manifests a 
greater affinity for itself than for any othe‘r element. In this respect 
carbon is quite alone ; and thus is furnished a striking commentary 
upon the combining capacity of carbon atoms for c^ach other, on which 
property more than any other the facts of organic chemistry are based. 

There remains to be considered one other aspect of the valency of 

^ Dumas, Ann. Chim. Phys., 1834, [ii], 56, 113, 140. 

* Martin, Researches on the Affinities of the Elemenis (Churchill), 1906, p, 187. See 
this series, vol. viii, pp. 16 seq. 
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the carbon atom, Le, tlic direction in space in wiiicJi the units of valency 
are exercised. That tliey do not all lie in one plane — beinj? directed, 
for examples, towards the corners of a square is made e vident by the 
non-existence of two di-dca’ivatives of methane, which might be formu- 
lated thus : 

X X 



Kekule^, in suggested that the four \ alenei(‘s end in the faces 

of a tetralu'dron ; Paterno,^ in 18()0, e^xplaiiK'd the isomerism of the 
compounels C 2 n 4 Br 2 by assuming that lhe‘ carbon valc*ncies are directexl 
towards the^ corners of a te'trahedron, and in the same ye^ar J. Wislicenus ^ 
spoke of ‘‘ Chemistry in Space ” ; whilst in 1874 Le Bel ^ and van’t 
Hoff,® the former a disciple* of Pasteur, the latter of Kekule, c'stab- 
lished the stereochemieal tlu‘ory of the carbon atom by em})Ioying it to 
explain optical isomerism. 

According to van’t Hoff’s presentation of the theory, the carbon 
atom ap[)ears to be a ]3oint at the centre of a regular tetralu'dron, 
towards the angular points of which the valencies act as four equal 
forces. It hjis been shown, howx‘V(‘r, by Auwers that this view is 
mechanically inadequate, for two of the forces acting from each carbon 
atom thus : 




would be resolved along a straight line joining the carbon atoms when 
union took place, thus : 


This, liowever, is not the case, for the double bond between two carbon 
atoms cannot be rei)rc;s{*nted as acting along a single line. 

Le Bel ® has conceived that each of four atoms af)proaching a carbon 
atom is bounded in its inniience by a sphere, and that these spheres 
meet each other around th(i carbon atom just as four equal spheres 
may lie against each other, so that lines joining their centres form a 
regular tc*trah(‘dron. Thus the valencies act as before towards the 
angular points of a tetrahedron ; but the carbon atom at its centre is 
not necessarily a point. 

The Strain or Tension Theory of Baeycr,® which has been of much 
value in the study of cyclic carbon compounds, is expressed as follows : 

“ The four valencies of a carbon atom act parallel to lines joining 

* Kekul4, Ztitsch, Ghem,, 18()7, N.F. 3 , 217. 

* Patemo, Giorru di ScieMze Nainrali ed Econ,, vol. v, Palermo ; Gazzetta, 1893, 35. 

* Wislicenus, Ber.y 18()9, 2 , 550, (>20, 

* Bol, BvU. Soc, chitn., 1874, fii], 22 , 377. 

® La Ghimie dans FEspace, 1874 ; see also J. H. van’t Hoff, The Arrangement of Atoms 
in Space (I^ongmans, 1898). 

® arepeosp solid. 

^ Auwers, Die Entwichlang des Stercochemiey 1890, p. 22 . 

* Le 33el, Biill. Soc. chim., 1890, [iii], 3 , 788. 

» Baeyer, Ber,, 1885, 182 , 277. 
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the corners of a tetrahedron with its centre, making an angle of 109° 28' 
with one another. The direction of the valencies can b(‘ altered, but 
any sucli alteration produces a strain whose amount is proportional 
to the angle through which the valencu^s arc diverted.” 

The above brief account of the stereochemistry of carbon sullices 
to show the lines on which the theory has developed. For the applica- 
tion of the theoiy to the constitution and propertii’s of carbon com- 
pounds, books on organic chemistry must be consulted. 

ALLOTROPIC FORMS OF CARBON 

Carbon exists in two distinct crystalline forms, Diamond and 
Graj)hiLe, as well as in the amorphous state. 

DIAMOND 

History. — Diamonds have been known and valued from antiquity 
for their brilliance) and hardness. They were first calk d Adamant — 
whence diamaunt, diamant, diamond — in a.d. 10. Pliny, a.d. 100, 
refers to the diamond as “ the most valuable of gems, known only to 
kings.” The gem was probably unknown to the early Hebrews, although 
the word is applied in Exodus xxxix, 11, to an engraved stone. 

Diamonds were first discovered in the sands of India, whence they 
were brought to Europe in the time of the Romans. Their beauty and 
rarity gave rise to the superstitious belief that they could avert* insanity, 
ward off the effect of poison,' and restore domestic i)eace. Diamond was 
at one time thought to be a fossil resin or an “ unctuous substance 
coagulated.” On this account Newton believed diamond to be com- 
bustible ; and the fact was first proved by the Florentine Academicians 
in 1694. It was observed in 1751 that diamonds disappear when heated 
in a furnace, while rubies n'lnain unchanged ; but Darcet and Rouelle 
showed in 1766 that this is not the case if the precious stones arc first 
placed in a hermetically sealed vessel. Macquer, Cadet, and Lavoisier, 
about 1771, proved that diamond undergoes true combustion, burning 
with a flame ; and, in conjunction with Brisson and Baume, they 
ignited diamond, confinc‘d with air over mercury, by means of a burning- 
glass, and showed the formation of carbon dioxide. 

Thus the nature of diamond was established ; whilst its chemical 
identity with charcoal was proved by Smithson Tennant, who in 1797 
obtained equal weights of carbon dioxide from equal weights of charcoal 
and diamond. Lastly, Sir Humphry Davy showed in 1814 that the 
carbon dioxide produced by burning diamond is pure, containing no 
water ; and therefore that diamond contains no hydrogen. 

Occurrence and Mining. — ^13iamonds have been found in India, 
Brazil, South Africa ; also in Borneo, Australia, Tasmania, North 
America, Guiana, and the Ural Mountains. India was the first diamond 
field, whence all the stones came in ancient times. The industry was 
centred in Golconda, which was a fortress and market for the gems, 
and gave its name to the adjacent mines. The discovery of diamonds 
in Brazil in 1725 struck a blow at the Indian industry. Tejuco, after- 
wards named Diamantina, in the province of Minas Gcraes, is the most 
important Brazilian centre. It is situated on a mountainous plateau 
consisting of laminated micaceous rock, flexible sandstone called 
itacolumitc, and conglomerate. The diamonds are found on the plateau 
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and in the river gravels beneath it. Since 1844 diamonds have also 
been found in the neighbouring province of Bahia. In 1807 a pebble 
with which a child was playing on the banks of the Orange River was 
discovered to be a diamond, and two years afterwards a stone we ighing 
83i carats, found in the same locality, was sold as the “ Star of South 
Africa ” lor £25,000. “ River diggings ” commenced and the South 

African industry became established. Besides occurring in alluvial 
deposits, diamonds arc; found in South Africa in a kind of clay, called 
“ yellow earth,” fifty feet thick ; and in a bluish-green rock of the 
nature of serpentine, known as “ blue ground,” which occurs beneath 
the “ yellow earth ” at Kimberley and Dutoitspan. This “ blue 
ground ” is in funnel-shaped deposits or “ pipers ” which are supposed 
to have been produced by volcanic outbursts during the cretaceous 
period. Formc;rly the (‘arth was brouglit up from the open mini;s in 
buck(*ts swung on ropes which formed a network overhi^ad, but on 
account of the danger from landslips this method has been su]>ersedcd 
by the sinking of shafts through the; adjacent roc>k combined with 
tunnels. After concentration the earth is washed down a greased 
surface to wliich the; diamonds adhcTe. 

Description.^ --Diamonds vary greatly in size. The Cullinan diamond, 
the largest cvct found, which was discovered in 19()5 in the yellow grounil 
at the Premier mine, in the Transvaal, weighed 3()25f carats ^ Ij lb.). 
Rough, small diamonds, consisting of impure crystals or fragments, 
are known as liort or lioari ; black diamond is Carhomdo, A sf)ecimen 
of carbonado found in Bahia in 1895 weighed 3078 carats. The most 
valuable diamonds, those of the “ purest water,” arc colourless, trans- 
j)arent and brilliant. One of the most beautiful of these is the Pitt or 
Regent diamond, weighing 130-25 carats. The celebrated Koh-i-noor, 
a British crown diamond, which came from India, originally weighed 
180 carats, but was reduced by cutting to 100 carats. Iliamonds may 
be cloudy or tinted grey, yellow, or brown ; they may also be coloured 
red, green, or blue by traces of metallic oxides. The Hope diamond, 
which weighs 44| carats, is blue, and is worth £25,000. 

It has b('en discovered by Sacerdote ^ tliat exposure to cathode rays 
deepens the original colour of the diamond. This deepening of colour 
appears to be permanent at ordinary temperature, but exposure to 
a temperature of 300°-400° C. converts the diamond to its original 
colour. 

Physical Properties of Diamond and Carbonado . — Crystalline Form. 
— ^Diamonds arc often found in perfect crystals wliich belong to the regular 
system, being modilications of the tetrahedron or octahedron, such as 
the rhombic dodekahedron, hoxakistetrahedron, and hexakisoctahedron. 
South African diamonds are generally octahedral, Brazilian cubical. 
Sometimes interpenetration or twinning of crystals is observed. The 
faces of the crystals arc oftc'u rounded ; the fracture may be* conchoida.1. 
Cleavage also takes iilace along directions parallel to the crystal faces. 
It is the w^ork of the lapidary to cut and polish the diamond so as to 
develop the brilliancy of the crystal faces. This is done by pressing 
the surface of the stone against a revolving metal wheel on which is 
diamond dust mixed with oil. 

' Carat (Kcpdriop) ~ the seed of St. John’s bread, formerly used for weights. 1 
diamond carat = 3-17 grains or 0*2054 grm. 1 oz. troy == 151*5 carats. 

* Sacerdote, Compt. rend., 1909, 149, 993. 
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Hardness, — The diaiiioiicl is the hardest, known subs lance ; it is 
'"adamant.” Its hardness is reckoned 10 on the mineraloirist’s scale. ^ 
Nevertheless nK‘ljilhc tantalum and its alloy eomix te witli diamond in 
hardness, and boride and silieich of carbon abrade the diam(»nd. 1). ITerenl 
diamonds difh r in luuxlness : e.g, those from Jlorneo are said to be* 
harder than those IVorn Australia, and Australian diamonds arc harder 
than AlVican. Different fae(‘s of the same diamond also differ in 
hardness. Car])onado is harder than e(.)lonrless diamond. 

Density. — The density of the diamond ap])roximates al atmospheric 
temperature^ to 3*5, the liii^liest observed vailue beine 3*50 and the 
average about 3-52. Car])onado, which contains about 2 per cent, of 
im])iirity, has a density of 3 to 3*5. 

Optical Properties. — The brilliant lustre and play ol* colours exliilnled 
by thc^ diamond arc tine to its hiirh refractive and dispersive power. 
The rofractiv(‘ iTidex of diamond for sodium li<^dit is 2*4<1 7. The brilliance 
of the* i.((‘m is due to total reflection of light within it on acciount of its 
higli r(‘fracLivc power ; for light incident at llu^ surface from wathin at 
an angle greater than 214° is reflected back into the si one. The corn*- 
s])onding angh* for glass is The dispersive power of tlu' diamond 

is sliown by comparing its refractive indices for red and blue light, which 
are 2*402 and 2*400 respectively. Diamonds are sometimes doubly 
relVactive on account of inte rnal strain. Prom tlu' same cause they may 
explodes spontaneously. Diamond shows absorption bauds,'^ and those 
at the blue end of the sp{*etruiti are supposed to be due to some rare 
elc'mcnt such as samarium. Diamond is transparent to Rbntgen rays, 
to which paste imitations are opacpie. 

Boyl(‘, ill 1063, observed that diamond phosphoresces in the dark 
by friction ; it is luminous also after exposure to sunlight, and phos- 
jihoresces strongly under the influence of kathode, Rontgen, Becquerel; 
and radium rays. 

The radiation spectrum of diamond glowing in a Crookes’ tube is 
continuous, with intensive lines in the green at 537 /gz, and in the blue 
at 513 M/x and 503 During this treatment the stone becomes 

superficially coloured and eliangcd into graphite,^' and the sanies effect 
is produced by the ])rolonged action of radium. A pale yedlow diamond 
w'as changed to bluish-green wdien embedded in radium bromide for 
eleven wee ks. 

The coefficient of linear ei pansion of the diamond is () 0()()()()118 at 
40° C. and 0'0000()i32 at 50° C.,® and becomes continuously less as the; 
temperature falls, 'i’he compressilnlify Ixtwec'ii 100 and 500 atmos- 
])hercs is 5 x 10-’ vol./atm. 

The specific heat of diamond varies much \vith temperature. Accord- 
ing to II. F. Weber its value may be calculated from the interpolation 
formula 

7t = 0*0947 + 0000994^ — O-OOOOOOSC/^ 

^ Moll’s scalo, largcfv used by mineralogists, is as follows : (1) Talc, (2) Gypsum 
(3) Calcspar, (4) Fluorspar, (/>) Apatite, ((J) Orthoclase, (7) Quartz, (8) Topaz, (9) Corun- 
dum, (10; Diamond. 

* Vide F. F. Martens, l>riide^8 Animlen, 1902, 8, 464. 

® K. Angstrom, Ofvers. K. Vet.-Ahid. Forh., 1890, Nr. 7, 331. 

* Crookes, Proc. Roy. Soc., 1904, 74» 47. 

* Cf Swinton, Proc. Roy. 1909, A, 82, 176. 

* Fizeau, Pogg. Annalen, 1869, X38, 26. 

’ Weber, Per., 1872, 5, 303 ; l^ogg. Annalen, 1875, 154, 367. See vol. i, p. 90. 
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whence the following values on; obtained : 

i^'C. 0'^ r»0^ 100^ 150^" 

7 0*00 17 0*11:15 0*1005 o*2;;5r 

At low teinpeialnr(\s Hie sjieeilie teat is nnieh dinnnisliedA J^iid 
at tin* teniperal ni*t‘ of liquid hydrogen it is only about onc-twx‘ntieth 
of its value at atmospheric lemperature. 

Conductivilff for Ural and Electricity. — Diamond is a good eondnetor 
of heat, and ferets (rolder Ilian glass ; it is, liowever, a bad conductor ol 
electricity, thus differing from graphite.^ 

Action of Heat upoii^ and Cotnbnsiion of the Diamond. — Diamond is 
unchanged when heated to whiteness in hydrogen, but swells up and 
is converted into graphite when placed betwc'c n tlie carbon ])oIes of an 
electric arc. Diamond comnu nces to form carlion dioxide wh(*n heated to 
720“ C. in oxyg<‘n ; ihe rate of comlmslion inereas(‘s up to 800“ (^, wlu*n 
a flame appears and tin* mass bt^conn s incaiuhsscent. A minute* reddish 
ash remains, whieli amounts to from 0*05 to 0*2 pe r cent, of the original 
weight of the diamond, and consists of Icrric oxide and silica, geiu rally 
also wiib lime and magnesia. 

Action of Chemical DeageMs on the Diamond. — The diamond is 
scarcely attacked by any cluanical reagent. It is stabh* towards 
chlorine, hydrochloriir, hydrofluoric, and sulphuric acids al all tempera- 
tures, as wc'll as towards a mixtuiv^ of nitric acid a,Tid ])olassium chlorate, 
which dissolves grajdiite. Fusion with sodium or polassium carbonate, 
however, converts ciianiond into carbon moimxidc by the ri aelion ^ 

C d- CO 2 = 2CO. 

Origin of the Diamond. — The occurrence of the diamond in alluvial 
deposits and clays, accompanied by qnartz, topaz, tourmaline, rutile, 
zircon, garnet, etc., throws no light ujion the origin of this precious stone, 
since the crystals are loose and haia.* (‘vidently been borne away by 
natural agency from their ]>lace of origin. Small diamonds have, 
however, been ibimd om!)ed(led in cry.stals of xautliophyllite, a siliccmis 
mineral, in such a manner as to stiggest tluvt they originated there. 
Morcovtr, the diamonds in different “ pipes” of blue ground in South 
Africa differ in cpiality ; and this suggests that they may have been 
formed in tlu* pipes, ])erhaps by volcanic agency, Diarnojids have also 
been found in meteoric sle>nes, and in nu'teoric iron accompanied by 
carbonado and grapliitc. It therefore s(*(‘ms probable that diamonds 
have cryslallised under suitable conditions from a solution of carbon 
in a siliceous or imdallic solvent. The discovery of diamond, accom- 
])anicd by carbonado and gra])bitc, in a nietcorile found in the Diablo 
Cafion,^ and its study by Moissan, have thrown much light on the 
problem and enabled this elu'mist to j)rt‘parc small diamonds artificially. 

Preparation of Artificial Diamond. — ^The preparation of artificial 
diamonds from carbon is a problem which has long fascinated th(i minds 
of scicnlilic men and oilu rs. 

Desprelz ® in 1849 tried to make diamonds by means of an electric 

^ 8oe also Dewiir, Vroc. Itoy. Soc.. 1905, A, ^6^ 23G. 

® Cf. K(uMii^U;?ber<^c‘r, Bn. ])eut. phy.'iital. Oes., 1912, 14, 9. 

* Coloiiibti, Aill It. Arcnd. Liiicci. 1915, [v], 24, i, 1137. 

• Friedi’l, Compt rend.^ 1893, 116, 290; Moissan, Compl. rend., 1893, Il6, 288. 

® Desprc'tz, Compt. rend.t lH t9, 28, 755 ; 29, 48, 545, 709. 
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arc formed between a carbon rod and a bunch of jdatinnm wire, and 
obtained a cryslaJline dust wlih'h scra-lelK'd ruby. Hannay * professed 
to liave pre|)ar(‘d diamond in 1880, and Marsden,'-^ in 1880 81 , atlemptcxl 
to pre[)are it by dissoh iuK carbon in molbai silver, and oldained small 
crystals vvliieh may have* tne n diamond. 

Moissan,^ wlu) deUrmined lo re}H‘ai the experiments of Hannay, 
made a careful sludy of the allotropic forms of carbon, of their modes 
of formation and transformation, and of their physical and chemical 
distinctions. 

The thr(‘c folio witig criti ria must be obeyed before a substance 
can be pronounced to be diamond : 

(i) Hardness ; (ii) density ; (in) combustion fii^ures. 

(i) Other substance's prej)ared in the ( lectric furnace', boride 
of carbon, carbosilieide of litanium, are almost or cjuite as hard as 
diamond. 

(ii) D('nsity (;3-5) is insuliici(‘nt to characterise diamond ; some 
sulystances prepared in the electric furnace, metallic boridc's and 
silicides, arc as dense as or denser than diamond. 

(iii) Carbon boride and some metallic earbol)orides burn producinif 
carbon dioxide, but only carbon itself can produce 3*6 tinu's its weight 
of carbon dioxide. 

These three criU'ria taki'ii toge ther prove a substance to be diamond. 

Moissan recognised that diamonds seldom, if ever, are found adlx I'ing 
to a matrix ; and a study of “ blue ground ” Jrom the Cape and of 
diamantifc'rous sand from Brazil proved that native microscopic 
diamonds are both black and transparent, and always accom])anied by 
graphite. From “ blue ground ” Moissan isolated bort, carbonado, 
transpiircnt dijimond, and grajdutc. A study of a meb'oritc' found iji 
the Diablo Cafion, Arizona, furnished, howev('r, the key to (he ])robl('m. 
In the middle of a metallic mass wer(' found “ two small, transparent 
diamonds, of rough and grained surface, surrounded by amorphous 
carbon in distinctly compressc'd strij)s.” 'Jtiis discovery impelled 
Moissan to experiment on the solution of carbon in metals at high 
tem})erature ; and for this purpose he first adapb'd the clc^ctric furnace. 
In tins furnace he dissolved carbon in silver, iron, aluminium, gluchmm, 
chromium, manganese, nickel, cobalt, tungstcai, molybdenum, uranium, 
zirconium, vanadium, thorium, titanium, platinum, sili(*on. He obtained 
carborundum and many metallic carbides, but no diamond ; carbon 
always separated irom solution in metals as gra})hite. 

Since graphite is the form of carbon stable at high temj)erature undc'r 
ordinary pressure, Moissan next tried the effect of great pressure. 
Geological considerations favoured the view that diamond is formed by 
crystallisation from molten iron under high pressure. The occurrence 
of the diamonds in the centre of the Diablo Cafion meteorit(‘, and 
in alluvial deposits as perfect crystals, suggested that terrcstiial diamond 
may have been formed by crystallisation Irom molten iron under great 

^ Hannay, Proc, Roy, Soc., 1880, 30, 188, 4.50. 

® Marsden, Proc. Roy. Soc., 1880 “81, ii, 20, 37. 

® See The Electric Furnace, by H. Moissan, Kng. edn., 1904, from which the informa- 
tion in this section is taken. 
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j)r(‘ssiirL‘ ill tli(‘ depths of th(‘ earth. In order to test this opinion 

Moissan carried on I tlie foliowiii" experini(‘nl s : 

(i) Tsvo }nindr(‘d jjfrinima s of Swedisii iron were covered with siigar- 
chai’coal in a ijfraphile crneilih*, healed to 3000'' in I he electric Inrnace, 
an<] thi n ]ilimi(ed lieiu^ath wat('r to cool th(' molten metal suddenly. 
TIh' iron of the re^nilus was dissolved in hydrochloric acid, and there 
niiiaint'd Ihree kinds of carbon: (a) <^rapliite, (b) convoluted strips, 
as in Diablo (anon meteoric iron, and (c) several greyish-black partich s 
whieli were jiroved to be diamond. 

(ii) Better in sults were obtained by cooling the molten iron, saturated 
wilJi carbon, in molLcai lead, b(‘cause no layer of steam retarded cooling 
and (‘Xbrnal solidiheation. 

(iii) A further inijirovement consisted in packing a cylinder of 
soft iron with sugar-charcoal, strongly compressing the cliarcoal by 
na ans of a screw stopjier of th(‘ same metal, and then immersing the 
cylinder in moll.t n iron which was contained in a. crucible and had been 
he aled in the ( lectric furnace for a few minutes. AftcT the introcluction 
ol‘ the cylinder the criKabh* was at once remo\'ed from the furnace 
and ra])idly cook'd. 

Th(‘ success of the (‘xperiment d(‘])ends on rapid cooling, because 
iron, lik(' water, cxjiands on solidifying, and so the external crust 
cxi'ils an enormous pn'ssnre inwards upon th(^ core, whicIi is rich in 
caibon. 

Jiy this means jiartially or wholly transparent diamonds wei’c 
obtained which satisfied the most rigorous criteria. The largest, 
howcN'er, were not more than O-O mm. in dianatcr. 

In his researches Moissan obtained transparent diamond crystallised 
in regular octahedra and cubes, irregularly cryslalliscd fragments, 
crystals wliieli split into fragments on keeping, like Prince Ruj)C'rt’s 
droj)s, and carbonado. 

Th.at diamond has been formed by crystallisation of carbon from a 
soh t'lit, probably metallic, at liigh temperature and under great pressure', 
thus a])])(*ared to be establislu'd by Moissan. 

Von Bolton,^ howe'vc r, has shown that crystalline particles of diamond 
dust act as nuclei fe)r the deposition of carbon in the form of diamond 
fr(.)m the hydrocarbons in coal-gas. 

The obsc'rvation that diamonds occur in fissures associated with 
nodules (containing sul})hur, silicon, and phosjdiorus led Moissan to 
try thc‘ ('fk et of adding these elements to th(c molten iron from which 
the diamond was to cryslallise. Sulphur improved the yield ; silicon 
also improved the yield, but the (juality of tluc diamonds was ])oorer ; 
phosphorus had an allogc tln'r unfavourable infhuaice. 

MoissaTi’s final conclusions may thus be summarised : diamond is 
carbon which has been licpielied under high pressure ; carbon heated to 
nigh temp(‘rature innk'r atmospheric pressure vaporises without Ikpic- 
fying and yic'lds a sublimate of graphite. 

Moissan ’s conclusion as to the influence of high pressure in the 
formation of diamond has been substantiated by an observation of 
W. Crooke s.^ Crookes has examined the residues from the experiments 
of A. Noble on the explosion of cordite in closed cylinders. These 

^ Von Boltrf)n, Zeitsch. JElelirochem,, 1911, 17 , 971. 

® Moissan, Ann. Chim. Phys., 1905, [viii], 5 , 174. 

® Crookes, Proc. Boy Soc., 1905, A, 76 , 458. 
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residues, produced under high teinpc niiiire and high pressure occurring 
simultaneously, were found to contain diamonds. 

C. V. Burton, 1 however, maintains tJiat if carbon can be erysfallised 
at comparulively low temperatures, ilu* minimum pressure recjuired to 
produce diamond will be lower than that employc'd by Moissan : and in 
some tentatiA'c experiments in which carbon was dissoh ed in a ‘molten 
alloy of lead with about 1 per cent, of ealeiurn, diamond a])])eai s to ha ve 
been produced between 550° C. and TOO"" C. under atmosj)hcrie ])n'ssur(i 
when steam was pass(‘d over the alloy so as to react witli and eliminate 
the calcium. Burton also seems to have produced diamond by 
heating benzene or toluene with carbon tetrachloride or chloroform in 
a bomb to 200°”300° C. In this reaction carbon is separated, whilst 
hydrogen chloride aecumulat(‘s under great pressure'. 

Further, as a result of attempts to melt carbon by electrical resistance 
heating under high pressure, which failed to yield more' than a suspicion 
of diamond, C. A. Parsons^ concludes that mc'chanical }>n'ssnr(‘ is 
not the cause of the production of diamond in ra[)idly cooled iron 
containing carbon. Van Deventer ^ has criticised Moissan’s \ iews from 
a theoretical standpoint. 

Uses of the Diamond. — Besides its value as a gem, diamond is 
employed for various special ]nir])oses on account of its grc'at hanlness. 
Bort was first used on the lapidary’s wheel by L. \on Ben pun of 
Bruges in 1476. It is employed in this manner not only for “ cutting 
diamonds, but also for faceting other ]jrecious stones. 

A familiar use of diamemd is for cutting glass. For this ])urf)ose a 
diamond must be mounted so that a curves! edge between two adjaec'ut 
Jacets is employed. This will cut more deeply into the glass than a 
straight edge, which may be used, howeve^r, fe^r writing on glass. 
Diamonds are* also used for drilling glass and porce lain, and for engraving 
and finishing medal-work, as well as for ro(;k-drilli ng, which is their 
most important industrial application. Fen this purpose' ctirbonado 
is preferred because it has no tenelemcy to eJe'avage. 

Diamonds are alse> use?d for the bearings in wat(‘h(*s and electric 
meters, and, when drilled, for wire-drawing, on account of the ir great 
durability. 

GRAPHITE 

History. — Graphite, like diamond, has been known from ancient 
times, anei was early enijiloyed, as the wenel {ypn(po>y I write) indieate's, 
for writing purposes. It was formerly, he)wever, confused Avith molyb- 
denum sulphide, M 0 S 2 , which resembles it in app(.‘arance and in lea\’ing 
a mark upon paper. The name 'plumbago, or black lead, shows that 
graphite was also identified with or thought to contain k'a,d. Schech', 
in 1779, distinguished clearly betw^een molybdenum sulphide and 
graphite, showing the latter to be a mineral form of carbon since it 
is converted into carlion dioxide by nitric acid ; a.nel in 1800 Macke nzie 
showed that graphite burns like eharceml, })roelucing carbon dioxiele. 

Occurrence. — Graphite occurs in ne)elule‘s in granite, gneiss, slate, 
and other rocks, in flakes or ])ow'eler scattered throughout liiiu'stone, 
and sometimes in large masses. Excellent gra])hit(‘ was formerly fenmel 

^ Burton, Nature, 1905, 72, 397. “ Ibid. 

® Parsons, Proc. Roy, Ron., 1907, A, 79, 5,32. 

^ Van Deventer, Ckem. Weelblad., 1907, 4, 211, 
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at Seatliwaitc-iii-Borrowdale, Cumberland, and made into lead-pcneils 
at K(?swiek ; but now these mines appear to be exhausb'd. Graphite 
is also found in CVylon, in various parts of the United Stales, (‘spe cially 
California, at Cassaii in Gcmiaiiy, and in Spain, Bolu^mia, Moravia, 
Styria, and Sibe ria (Irkutsk), Much of the ;^^raphite used in the Uniled 
Kinirdom coiiu s from Ci‘yion : but Bolieinian graphite is said to be lli(‘ 
b(‘st for niakini' pencils, and Ceylor) i^rapliite for the manufaeliire of 
erueibles. (irapliitc* from these various sounres varies much in purity. 
Passau ^^raphile*, for example*, contains only about 411 ])er cent, of 
carbon, and Styrian ^^raphite about 7^1 [ht cent., the remainder [)(*in" in 
(*aeh ease* ash with a little \a)latile matter. 

Origin and Formation. — (iraphitc is g(*nerally of organic ori^un, 
liaviuijf bein^ form(‘d from carbonae(‘Ous material, probably without 
pre‘vious separation of ameu-phous carlam,^ by pressure* of e»verlyin<f 
roedvs and a sullicic'ntly lii^h temp(*rature‘. The presence; of about 
1 p(‘r C(‘nt. of hydroiren ^ in natural ^ra])hiie eontirms this view of its 
formation. 

Gra.j)hite is tlie* most stable form of carbon at high te'inpc'ratures. 
Thus the tips of ila* carbon electrodes of the arc lam[) gradually bceejino 
eovrred with a growth of gra])hile by vaporisation ; and all kinds of 
carbejn are* vaporised, and thus eon\erte‘d into graphite, in the electric 
furnace*. Likewise diamond is changed into gra])hite when ])la(‘ed 
betwea'n Ihe ])()le*s of an electric arc. It has be(*n shown by Arseni,'* 
however, that othe*r forms of carbon are not abvays converted into 
graphite whe'ii he*ated in closed crucibles to 8000^-3300° C. When 
various carbon compoiinds are d(‘comj)osed at high temperature* the 
carbon re'uuains as graphite ; graphite also results from the de^composi- 
tion of (carbides, cyanogen, acetylene, and carbon disulphide in the 
(*lectric furnace. 

Graphite* of exeejilional purity is prepared artificially by the Aeheson 
proce*ss, by j)assing an electric curremt between carbon electrodes 
in a furnace built of fire‘-bricks and lined with carborundum. The 
intervening space is filled with sand anel coke or anthracite. It is 
found that petrole*um-cokc yields a fine ejuality of graphite. The 
carborundum first form(‘d decomposes, the silicon being volatilised 
and the carbon left in the* form of grajihitc. Thus : 

SiOa i 3C - SiC + 2CO ; 

SiC - Si d- c. 

Tliis graphite* le'ave\s on combustion only 0 05 per cent, of ash. 

When carbon crystallises from molten metals, such as iron, it 
so]>arates as graphite. This fact was lirst observe*d by Sclieede* in 1778. 
Whilst some of the carbon forms carbide, the cxcc‘ss is held in a state 
of solution from wliicdi it crystallises when the metal cools. Grey cast- 
iron contains more or less crystallised graphite ; and gra])hite likewise 
occurs in meteoric iron. It has already betm pointed out that \Yhen 
carbon crystallises from molte n iron under great pressure it appears 
as diamond. 

Physical Properties. — (iraphite is grey and lead -like in appearance*; 
it possesses a metallic lustre, and is ojiaepu* even in the thinnest fla,ves. 

* Heinisch, Monatsh., 3911, 32, 225. 

* Regnault. Ann. Chim. Phys., 1841, [iiij, i, 202. 

» Araem, Trans. Amer. Ekctrochem. Soc., 1911, 28, 105. 
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It crystallises naturally and from molten iron, in hexagonal plates 
belonging to tlie mon()(*linic system. It is greasy to tli(^ touch, and 
its hardness on Mob’s scale is less than 1, tliat of (iianioiid being 10. 
It is on account of its softness, and b(‘caus(^ it rubs off in little scales, 
that it h'avcs a streak on paper ; and it is I ht' same propt'rty that makes 
it useful as a lubricant. Indeed, according to Tlirt'lfalld it beliaves 
under com])ression lik(‘ a li([uid. It. is porous to gases.- 

Dctisihj. — Since natural graji)hite is not a |>ure chemical substance 
and is deriv(‘d from different sources, its dcaisity is varia]>le, but 
{)ro]>ably lies between tlie ( xtreme valu<‘s !2 ()15 and ‘J-583.** Ranimels- 
berg gave the vahu* ‘J-17 to 2*32; Moissan found the value for 
artilicial gra])hitc to lie bd ween 2 0 and 2*2a ; Dewar ® found that 
the density of an artilicial gra])hite which was 2-099 at XT'" C'. bccanie 
2*1302 at the temperature of lujuid air. According to Streintz ’ the 
d(-nsity of strongly compressed graphite- may rise as high as 3*0. Arsem ® 
would define graphite by its density : 2*25 to 2-20. 

The- cocjjicicnt of linear expansion of graphite b('twe(‘n — 190'' C. and 
4* 17° C. is 0*0000241.^ Fizeau,^® however, found for iitatiiral graphite 
the vahuis 0*00000780 at 40° C. and 0*00000790 at 50° C. The compressi- 
hiliiyoi graphite be tween 100 and 500 almosphcres is 3x10“® >ol./atm.^^ 
Specific Heat — The s])eeilic heat of grapliitc, like that of othc-r 
nomnu-tals, increases with temjxTatnre, hut becomes approximately 
euiistant in the- neighbourhood of 1000° C., and tlu-n gives a value for 
the atomic heat — 5-0. 

Idle following results wen- obtained by II. F. W(‘her : 


'Dmip. ® 0. 

kSpccilic Heat. 

Atomic Float. 

Ten»p. ^ 0. 

Specific Heat. 

Atomic Heat, 

— 50° 

0*114 

1*37 

202^ 

0*297 

3*50 

- 10*7° 

01 It 

1*73 

249° 

0*325 

3-90 

+ 10-8 " 

01 00 

1*93 

0t2° 

0-445 

5-33 

01*3 ° 

0*199 

2*39 

822° 

0-454 

5- 15 

138° 

0-252 

3*03 

977° 

i 0-407 

5-00 


Behid^ has extended the vnhics to lower tc-mperatures, and gives the 
following interpolation formula : 

C = 0*101 + 0*000028/ — 0*0000001 12/*. 


^ Threlfall, Truns. Chew. Sloe., 1008, 93, 1333. 

2 Graham, Ann. Chim. Phys., 1861. [ivj, i, 110; 2, J54. 

® Roscoe and 8oliorlommor, A Trcntiae on ChemiMry (Macmillan and Co.), 1911, vol i> 
p. 745. 

* llamraelsberg, Her., 1873, 6, 188. 

® Moissan, The Electric Furnace (Arnold) 1904, p. 77. 

« Dewar, Chtm. 1902, 85, 289. 

’ Streint/, Ann. PhysU:., 1000, [iv], 3, 1. 

* Arpom, Trans. Amer. Electrochew. Eoc., 1911, 20, 10.5. 

^ Dewar, l^roc. hoy, Eoc., 1902, 70, 237. 8ce ai.so l.)ay and )So.sTnan, J. Ind. Eng. 
Chew.., 1912, 4, 490. 

I’izeau, Pogg. AyvnaUn, 1809, 138, 26. 

W. Richards, Zcitsch. physikal Chew., 1907, 61, 112. 

Weber, Ber., 1872, 5, 303 ; Pogg. Annaien, 187.5, 154, 367. 8ee this series, vol i, 

p. 90. 

Bebn, Drudge Annaien, 1900, i, 264. 
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Values calculated from this formula a^ree with Weber’s results; 
but Dewar ^ has obtained the folio win,<r smaller values at low tempera- 
tures : 


Temperature inUTval. Specific Heat. 

18" to - 78" C 0-1841 

18" to - 188" C 0-0018 

~ 78" to — 188" C 0-0590 

- 188" to - 252-5 " C 0-0183 


ConduclivUy for Heat and Eletiricihf, — In contradistinction to 
diamond t^rnphite is a ^^ood conductor of heat and electricity. Spceiniens 
from different loealilies vary, however, in their conductivity.^ The 
following formula expresses the thermal conductivity of grapiiite*^: 

K = 0-0884 — 9 X 10-‘^i5 + 9-8 X 

Chemical Properties. — Combustion, When artificial gra])hite is 
hcat(‘d in oxygcai it begins to form carbon dioxide at 570" C., and the 
rat(i of formation increases np to G90" C., when inflammation occurs.^ 
With natural graphite- the temperatures at which these changes take 
place are variable-, but the-y are consideral^ly below the cofrespoiidiiig 
temperatures for diamond (q,v,) ; and this difference constitutes one 
of the distinguishing te^.sts bet wee n the two forms of carbon. 

Action of (Indising Agents. — Graphite diffe-rs much from diamond 
in its reactivity towarels liquid oxidising agents. Cold, concentrated 
nitric acid has no action on graphite ,- but some spceinu-iis, wlic-n 
strongly heated aftcT being moistened with the acid, intum(\se(‘, i.e. 
swell up, be cause of the geueraiiou of gas within them. The gas consists 
of carbon dioxide and oxides of nitrogen, and is })robably 2:)roduce‘d 
by the action of the acid on partiele-s of amorphous carbon eontained 
within the graphite.® Luzi distinguishe-s be-tween different kinds of 
graphite by this reaction of intumesce-nce.® Specimens that intume-sce 
are known as “ graphite,” lliose wdiich do not as “ grajdiitite.” The 
variety freuii Ce-ylon is “ graphite,” that from Borrowdale “* graphitite.” 
The artifieinl product is generally “ graphitite*.” When inedton cast- 
iron containing carbon is cooled by water the external layers cojilain 
graphitite, the interior gra[)hite ; inturnescent graphite is, moreove r, 
produce-d by dissolving carbon in molten i)lalinum, and remains when 
the ])latinum is ivmoved by aqua regia. 

Graphite is slowly oxidised when heatf'd with a mixture of nitric 
and sulphuric acids, or potassium cliloratc with sulphuric or nitric acid. 
Th(‘se rem^tions, which were discovered by Brodie,^ may be used fe)r the 
purilication of graphite or its conversion into “ graphitic acid.” If 
graphite is hcatx-d with a mixture of 1 part of nitric acid and 4 parts 
of sulphuric acid, or 14 parts of graphite are healed with 1 part of 

^ F)<>war, J^ror.. Ho?/. Soc.^ 1005, A, 76, 23(>. 80© also Dewar, Ptiil. Mag., 1872, [iv], 
44, 401 ; Kun/, Drudes Annalcv, 1003, 14, 327 ; Voille, Contpt. rend., 1805, 120, 808. 

* Mmaoka, Wied. Annulen, 1881, 13, 307; Artorn, Atti Ac^. Torino, 1902, 37, 475; 
Piofloh, Ifiew. Ber , 1803, [ikd. 102, 7t»8. 

» Tcolo, Ann. Cbirn. Pkys:, 1012. [viiil, 25, 137. 

^ Moisflan, Com.pt. rend.. 1002, 135, 02!. 

® Moisxan, ibid.. 1803, 116, 608. See also Throlfall, Trans. Chem. Soc., 1008, 93, 
1333 ; mid Ostu.ild, Grundlinicn der anorganischen Chrmie, 1000, 300. 

» Luzi, her., 1891, 24, 4085 ; 1802, 25, 210, 1378 ; 1803, 26, 800. 

’ Bfodie, Ann. Chhn, Phys., 1855, [iii], 45, 351 ; ibid., I860, [*“]» 59» 466. 
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potassium chlorate and 28 parts of sulphuric ecid, the ^u’aphitc is 
partially oxidised and turns violet, but regains its black colour when 
washed with water. When strongly luxated th(‘ mass swells up, loses 
gases, and yields a residue of pure graphite^ of tlensity 2*25. 

Mixtures of concentrated sulphuric acid and potassium perman- 
ganati? or chromic acid may be substituted for Brodie’s mixture.^ 

By more prolonged treatiiK'ut with similar reagents grajdiite is 
converted into graphitic acid. 

For this purpose one part of graphite and ii parts of potassium clilorate 
are mixed with nitric acid and heated for several days at 00 " and after 
washing the process is repeated four or live times. Or the powdered 
graphite may be mixed with sulphuric and nitric acids at tlu^ ordinary 
tcm])(Tature and a large excess of potassium elilorat(‘ be added. A grc.cm 
product results, which is changed into graphilic acid by tr(‘atment watli 
potassium permanganate and sulphuric acid.- 

Graphitic acid is ycdlow, and appc^irs to be crystalline because 
it preserves the form of the original grajdiile crystals. Its composition 
corresponds to the formula CjilljOg or d. is really an 

amorphous mixture of several compounds of high rnoheular weiglit.^ 
When the acid is heated it decomposes explosively, (‘\'<)lving carbon 
monoxid(‘, carbon dioxide, and water, and h'aves a black, charcoal-like 
residue called pyrographitic acid, which is converled by potassium 
chlorate and nitric acid into mcllitic acid, C\ 5 (C()OIl)p. 

Grai)hilic acid is reduc(‘d by stannous chloride to a black “ f)s(‘udo- 
morph ” which resembles graphite in appearance, and may he oxidised 
again to graphitic acid. 

The behaviour of graphite towards oxidising agents, by which 
gra])hitic acid is produced, distinguishes this substance from diamond 
and from amorjdious carbon ; for diamond is not acted upon by tlicsc 
reagents, and amorphous carbon is di^^solved by them with tlie forma- 
tion of humic and linalJy mellitic acid. According to ('harpy, Jio\v(w er, 
s()mc forms of car]70ii hitherto regarded as amorphous, such as carhoii 
from steel and the product obtained by heating graphitic? acid, yield 
graphitic? acid on oxidation. It therefore aj)pears unsatisfactory to 
define grapliilc with reference to the action of oxidising age nts.^ 

Uses of Graphite. — The usc^fulness of graj^hite depends u})on its 
})eculiar softiu‘Ss and scaliness, as well as upon its (?h('mic'al inertness, 
infusibility, arul conducti\4ty for electricity. For the manufacture of 
black-lead pencils natural gra[)hitc itself was formerly used, being 
cut up intc^ strips of the required size. Now, howewer, [mwalered 
graphite is mixed into a paste with line clay, and the mixture; is jiressed 
tJirough a hole so as to form a tliread. 

Grapliitc? cruc?ibles are made' from a mixture of penvdered graj)hitc 
and fine clay. Tlicy are moulded like pottery and then fire^d. They 
arc employexl for rnedting metals, and especially in the* manufacture 
of crucible steel. (Sec vol. ix.) 

A wedl-known ap])lication of gra])hite is for protecting iron — e.g. 
grates — from rnst. It is also nse*d in electrotyping, the surface on 
which electrodeposition of Tnctal is to take j)lace being covered witli 
a layer of graphite, which 'is a condiujtor. 

^ Cfaar]'>y, Compt. rend.^ 1909, 148, 920. 

2 Staudenraaier, Ber., isOS, 31, 1481 ; 1899, 32, 1.304, 2824 

® Staudenmaier, Her,, 1809, 32, 2832. 

* Charpy, Compt. rend.j 1909, 148, 920. 
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It is likewise employed as a lubricant for machinery, and as a coatin" 
for gunpowder to prevent absorption of moisture. The efficiency of 
the powder is, however, somewhat diminished by the grapliite. 

AMORPHOUS CARBON 

Amorphous carbon, as usually md with, contains a varialdc ])ropor- 
tion of impurity derived from the organic compounds or natural produel s 
from which it is prepared. Sugar-charcoal, lampblack, soot, gas- 
carbon, vegetable and animal charcoal, and cok(‘ are reckoned as forms 
of amorphous carbon. The imj)urities present within them may be 
“ organic,” ix, may consist of comj)ounds of hydrogen, oxygen, and 
nitrogen, which ignition has failed to remove ; or inorganic, which 
will remain as asli when the carbon has been burned a\vay. 

Preparation of Amorphous Carbon. — Amor])hous carbon may be 
formed in a variety of ways, but its preparation in a state of purity 
is difficult. It is libcratc‘d in tlie following reactions : 

(1) Decomposition of carbonaceous matter at high temperature 
(sugar, vegetable and animal charcoal, coke). 

(2) Deposition from dissociated hydroear])on vapours (lani])- 
black, soot, gas-carbon). 

(*3) Ex])losive decomposition of endotlierinic conij>onnds, 6’.g. 
a.C(‘tylc‘ne. 

(4) Deposition in electrolysis : 

(rt) at anode in electrolysis of silve r aedylide ; 

(6) at kathode in electrolysis of concentrated sulphuric acid 
with carbon electrodes ; 

(c) at kathode in electrolysis of fuse d BaCOa + BaClg at GOO^’ C. 

(5) Reeluction of CO anel COg by metals : 

COg by inagne‘siun\, calcium and the alkali metals, and 
CO by iron at high temperature. 

(6) Decomposition of CO : 

(a) by heat at 1090° C. into COg and frex' carbon ^ ; 

(h) by radium eunanaiion into Og, (X)g, and carbon. ^ 

Sugar-cliarcoal and lampblack yield the purest forms of amorphous 
carbon, because^ they nce-d contain no mineral impurity. 

Sugar«*Charcoal» prepared by he‘ating pure, white, ashless sugar, 
preferably in a platinum capsule, until cemibustion of volatile matter 
ceases, forms a black, shining, porous mass, wliich, however, contains 
“ organic ” impurities that cannot be eliminated by ignition alone. 
It is conseepiently heated in a current of dry chlorine at 1000° C. fe)r 
several hours, then washed with hot water, and again ignited in dry 
Jiydrogen till hydrogen chloride ceases to be evolved.^ The density 
of purified sugar-clinrcoal is 1-8, and its ignition temperature about 
450° C. 

Lampblack and Soot. — It is wtII know n that the luminous flame of 
a candle or of coal-gas deposits carbon upon a cool surface brought 
in contact witli it. This is because the combustion of carbon particles 
in the flame, whose incandescence is the cause of luminosity, is prevented 
by cooling. 

If a flame is not properly ventilated it will smoke and deposit soot 

‘ Meyer and banger, Ber , 1885, i 8 , 134c. 

* Cameron and llamsay, Trans. Chem. Soc., 1908, 93 , 966. 

’ Bone and Jordan, Trans. Ghem Soc., 1897, 71 , 46. 
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without artificial cooling ; and this is the more likely to happen if 
tile proportion of carbon in the burning va}>our is large. Thus the 
liydrocarbon vapours arising from coal burning in tlie grate smoke 
and deposit soot in the chimney, and liydrocarbons such as benzene 
vapour and acetylene burn with very smoky ilanies unless their com- 
bustion is canfidly regulated. 

Frank’s j)rocess of obtaining soot consists in burning ac(‘tylene with 
carbon monoxide or dioxides according to th(‘ rollovving reactions : 

( oil, + CO - 3C + H^O ; 2L\IU + CO, = 5C i 21UO. 

Lampblack is made by burning iar or resinous matter, or aromatic 
compounds such as naphtlialene, in an insullicient snj)[)lv of air, and 
collecting the smoke on cloths, metallic ]>lates, or rc'volving (ylindirs. 
The lampblack is partially ])urilied by biang lu^atc'd in clos(‘d vessels, 
but even then contains about 20 jier cent, of oily impurities, which are 
removed by ignition in a current iirst of chlorine, thtai of hydrog(*n, 
as in ilic casc‘ of sugar-charcoal. 

The density of lampblack is 1-7S, bid rises to 1-87 wlu n the lamp- 
black is heated for some hours at 010 ' C. ; by tlu' saiiKi treatment the 
ignition temjKrature rises from 371° to 476° C. 

The fiiu'st (juality of lanijiblack is used for making Indian ink, 
and ill calico-])rin(ing ; common lampblack is employed as the basis 
of printers’ ink and black paint. 

Gas Carbon or Retort Carbon is formed as a lining on the upper parts 
of tlic ix'torts ill wliicJi coal is heated iii tin* mamijaolurt* of coal-gas. 
It owes its origin to the tlicrmal dissociation of tin* hydrocarbon vajiours 
evolved from tlu* coal ; and the process may be copied by jiassing 
ethylene (C 2 II 4 ) through a red-hot porcelain tnix*, when gas carhon is 
formed. It contains little or no hydrogen and about 3 per ci*nt. of 
asli ; it is therefore a moderately pun' form of amorphous carbon. 
Gas carbon is gny in colour and very hard ; it ajiproaclu s gra|)lutc in 
its density, wliich is over 2 * 0 , and it is a good conduelor of heat 
and electricity. On tliis account it is used, wIkti ground togt*th(T 
with charcoal and grajihitc, for making (Icctric-ligld carbons and the 
carbon plates or rods of Bunsen batteries. 

Vegetable*- or Wood-'Charcoal (/.c. turn-coal, from O.F. to turn ; 
therefore wood turned to coal). — Charcoal-burning is an ancient process, 
and in countries where wood is plentiful it is still carricfl out as originally. 
Logs of wood are piled nearly vertically in a conical mound round a 
central shaft. The mound is covered with turf or moislened ashes; 
ventilating holes arci left at the bottom. The j)ilc is ignited by brands 
thrown down the shaft, and thick white smoko, consist iiig of the volatile 
prod\icts of combustion, escapes up the shaft during the process of 
burning, the latter being checked if necessary by stopping up the 
venlilatiug holes. AVhen the combustion is finished the pih* is carefully 
covered and left to cool for some days. .\ft(T this the charcoal is 
removed, and further cooled, if necessary, by water tlirowii upon it. 
Sometinu's, as in Austria and Sweden, fir logs arc* j)ile<l horizontidly foi 
charcoal-burning. 

This process is cvidcntl}^very wasteful, sinct^ all the volatile products 
arc lost, except so far as their combustion within the pile he lps to 
maintain its temperature. A process of destructive distillation in 
closed vessels wqs known to the alchemists, and is employed at the 
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present clay. Wood in small pieces or sa^vdiist is carbonised in cast- 
iron retorts, and the volatile products arc collected. These consist ol 
wood s])irit or methyl alcohol, acetone, pyroligneous acid, which is 
impure acetic acid, and wood-tar or crcosc^te. 

Tlui production ol* charcoal from wood may be com])ared with the 
formation of coal from carboniferous vcgelation, the pressure of the 
superincuinbcut strata in coal-formation having a similar (dfect to high 
temperature. And just as there are different grades of coal, reaching 
a maximum ear])on-content in anthracite, so there arc different grades 
of charcoal, the percentage of carbon in which depends upon the 
tem])eratnrr of ca.rbonisation. 

Wood begins to turn l)rown at about 220° C.,^ at 280° C, it bccome's 
deep brown, and at 810° C. black, soft, and friable; when prei)ared 
at high temperature charcoal is, lK)wevcr, brittle. 

Stein “ has trac<'d the ])rocc‘ss of carbonisation by heating wood 
with wat(‘r in sealed tubes between 245° C. and 290° C., with tin? 
following results : 

Tern]). ° C. 245° 250° 255° 2G5° 275° 280° 290° 

Per cent. Carbon G4 8 G9-2 70-8 72*8 74*0 77-G SI *8 

Hours heating 9 G 6 5 5 5 5 

The amount of carbon in the product depends upon })ressiir(^ as well as 
t(‘mj)erature ; it never exceeded 78 per cent, under atmosplu ric pressure, 
ev(?n at r(‘d heat. 

The Ibllowing table ^ shows the composition of charcoal ])roduced 
at different temj)t'ratures : 


Temp. ^ 0. 

270'" 

350*" 

432« 

1023° 

1100° 

1250° 

. 

1300° 

1500° 

Over 

1500° 

Carlxm 

70-45 

76-01 

81-01 

HI -97 

83-29 

88-14 

90-81 

94-57 

96*51 

Hydrogen 

4f)4 

4-11 

1-90 

2-30 

1-70 

1-41 

1-58! 0-74 

0G2 

Oxygen with some 
nitrogen . 

24-0(1 

1S(U 

1 15-24 

141 3 

13-79 

: 9-25 

0-40 

3-03 

0-9.3 

Anh . 

0-S5 

0-01 

1 lie 

1 

1-00 

; 1-22 

1 1-20 

M5 

1-66 

1*94 


100-00 

lOO-OO 

100-00 

100 00 

10000 

100-00 1 

100 00 

100 00 

400*00 


Thus by very strong ignition nearly, but not quite, all the hydrogen 
can be driven out of charcoal. Wood-charcoal ordimirily contains, 
however, from 85 to 90 per cent, of carbon and from 2 to 3 per cent, 
of hydrogen. 

During carbonisation wood shrinks in vohime as well as losing in 
weight. Thus 100 parts of wood yield about 65 parts of charcoal by 
measure and 25 parts by weight. 

DcnaHy of Charcoal. — Since wood shrinks during carbonisation the 
density of charcoal is greater than that of the wood from which it has 
been produced. It varies according to the nature of the wood and the 
t('mperatur(' of formation of the cliarcoal, but lies between 1*45 and 
2*0. This ^’alue, howe\ er, applies to charcoal from the pores of which 

^ Percy, Metallurgy : Fuel, p. 107. 

* Stein, Chem. Zentr., 1901, ii, 950, from Magy. Chan, folyoirat, 6 , 30. 

* Hoaco© and Schorlommer, A Treatise on Chemistry (Macmillan & Co.), 1911, vol i, 
p. 754. 
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air has been removed. The density of chaieoal containing air in its 
pores varies from ()•! to 0-2. The (‘ffeei of reanoving air from tii(‘ 
])ores of chiircoal may be shown by floating some* fra^mc'iits of eharc'oal 
on cold water and llu n l)oiling the water for some lime. The air is 
thus driven out of tlie 1)01*08," and the* e*hareoa.l e vi nlually sinks in 
the water. The same effect may be jiroelneed by placing: tlie^ charcoal 
and wateir in a lla.sk from wliich the air is contimionsly pumped. 

Absorption of Gases by Charcoal , — If a ]iie?ce of freshly i^nite'el 
wood-charcoal is introehiced into a tulie of ammonia i^as standing 
over meremry, the gas is slowly takeai up liy the charcoal, so that the 
mcTCiiry rises in and may eventually lill the tube. A similar (effect 
may be obsewed with In^elrogen-snljihide gas. T'his plu'nonu'non, 
which might simjdy be calleel absor])tion, is teTine^d adsorption^ because* 
it is essentially a surface phenomenon. It is a ge'n(‘ra] ])ro})c*rty e>f 
solid bodies to conde'nsc gases, vapours, and liepiids u[)on their surfaces ; 
this property renders dihicult the washing of linely divided pre*ci])itates 
in gravimetric analysis. 

The gre*atcr tlie* spe^cilie surface* of a soliel I lie gre^ate*!* its power of 
aelsorption. Now wood charcoal presents an excindingly great surface* 
by reason of its ce llular structure, for the walls of e‘\'e‘ry mic;roscopie 
cedi throughout its mass contribute to the supea-nedal ari a ; thi reTem*, 
after the adsenheKl air has been reineweel by ignition the* charcoal is 
able to adsorb many times its own ve)lume^ of anothe'r gas. 

This phenonumein, which is conn(‘(‘leel with surface ene*rgy, was first 
obsea’ved in 1777 by Scheele and Fontana, but lirst investigated epianti- 
tatively by Saussuve,^ ^vho found that the^ cpiantity of gas aelsorbeel 
by a se)lid elepended on its properties and its pressure*, but that Henry’s 
law of gas-absorption doe's not ap])ly. 

The following results were ol)la.ine*el by Saussure. One volume 
of charcoal adsorbs the following volumes of various gases measure'd 
at 12° C. and 724 mm. : 

Ammonia 90 Nitrous oxide 40 Oxygeai 9*25 

JTyelre>gen chle)ridc 85 Carbon die^xide 35 Nilrogen (r50 

Sulphur elioxide 65 Kthyle*ne* 35 Hydrogen 1*25 

Hydrogen sulphiele 55 Carbon monoxiele* 9* 12 

It will be observed not only that there is a great difference be twe en 
the volumes of different gases adsorbed, but alse) that extent of aelsorp- 
tion is connected with condensibility. 

Similar experiments were carricei out by Hunter.^ 

Subsequent work of Chappuis,^ Joulin,^ and Kayse'r ® enabled 
Ostwald ’ to deeluce a law of adsorption which is expressed by the 
equation 

c = ka^ 

where c = concentration or pressure of the gas, a the amount adsorbed, 

* Sec Ostwald, Lehrbuch dcr allgenu-iaen Chemic, 1903, i, pp. 1084-1098. 

* Saussure, (Hlhcres Annalen, 1814, 47, 2, 113. 

» Hunter, Phil. Mag., 1863, fiv], 25, 364 ; 1865, 29, 116. 

* Chappuis, Wifd. Annalen, 1881, 12, 160. 

® Joulin, A nn. Chim, Phys., 1881, [v], 22, 397. 

® Kayser, Annalen, 1881, X2, 526. 

^ Ostwald, Lehrbuch der allgemeinen Chemie, 1906, ii, 3, 232. 
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while k and ni arc constaTits which depend upon the nature and temper- 
ture of the <^a,s. 

Dewar ^ lets shown that the volume of i^as adsorbed increases i^reatly 
w'itli iowTiin^f of t<‘ni{)erat fire, as Uk^ followini^f fii,nires indicate: 


IIydre>ge*n . 

Vol. at 0 ° C. 

4 

\ui at - ]s;, 

Nitre)ge‘n . . 1 

15 

] 55 

Oxygen . . ; 

LS 

2:50 

Argon . . j 

I‘J 

175 

ile'lium • . 1 

1 

2 

15 


This j)ro})erty is now utilised for sepa.ra,tinf( tlie rar(‘ ^ases of the 
air; for charcoal cooled in liquid air will adsorb oxvT^en, arifon, and 
nilro^a ii readily, but has much l(‘ss inlluence on jlydro^Jf^'n, h(‘lium, 
neon, krypton, and xenon.- On t]K‘ same account charcoal is employed 
for producing' hiifh vacua, since it adsorbs tlu^ last trac(‘s of "as from 
an cnclos(‘d space*. Condensation takes pla,ee durin" adsorption, 
and there fore luat must be evolveel in the ])roct‘ss. 

Favre; obtaine d tlie fe)lle)win" results fe)r the volume s e)f gases 
adsorbed by 1 c.c. of charce)al at ordinary tempe^ralure, anel the 
he‘ats e>f aelsorption per gram of gas ^ : 


(tas. 

Volume aetsorbod. 

Heat of adsorptuui. 


<;.c 

cals. 

Ammonia . 

17S 

49 I. 

Ilydre^geai ehle)ride 

166 

27t 

Hydrogen bromide 

— 

191 

Tlyelroge-n iodide . 

— 

176 

Sulphur dioxiele . 

165 

IGS 

Nitrenis oxiele 

99 

169 

Carbon dioxide . 

97 

158 


VVe)od -charcoal alse) j)ossesscs the pe>wa*r of adsoi’bing cedouring and 
other matte'rs from solulieni, but in this j)rope‘rty it is surpassed by 
animal charcoal, under which these phenomena will be elescribed. 

Caialiftic Influence of Charcoal, — Not only de)es w’e)oel-chareoal adsorb 
varie>fis gases, but it also |>ossesscs the* power of promoting chemical 
changes t)e tween them. 

If, feir exa-mple, some; fre‘shly ignite*d charcoal is immerseel in hydrogen- 
sulphide* gas, aiiel siibseepiently in oxygem, combustion of the hydrogen 

^ Dt'war, .Ann, Ckim. Phys., 1904, [viii], 3 , 5. 

® Soo also Valotiiine'r and Schmidt, DruAe^tt AnualeHf 1905, i 8 , 189. Wohl and 
l.osunitsclf, JUr,, 1905, 38 , 4150. Miss Hoinfray, Chern. News, 1907, 96 , 93. 

» Favres Compt. rend., 1854, 39 , 729; Ann. 'Chim Phys., 1874, fv], l, 209. 

* See also Miss Homfrnv, Proc. Hoy.Soc., 1910, A, 84 , 99, and Zcilsch. physikaL Chem., 
1910, 74 , 129, (>87. O'itoff, ibid., 1910, 74, 641 ; Schmidt, ibid., 1910. 74 , 689. Bcrgtcr, 
Ann. Physik, 19J2, [iv], 37 , 472. 
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sulphide takes })lace within the pores of the charcoal and suHicient 
heat is deve]o[)ed to ignite the lalter, whicli tlu'n ])urns hrillianlly in 
the oxygen. It was, moreover, observed by M('1s(‘n ^ that wlii'ii charcoal 
saturated with chlorine is brought into dry hydrogen formation of 
liydrogen chloride talo s j)Ja.ce caa n in Mie dark. FurthcT, it was shown 
by Stenhouse ^ that charcoal not only absorbs obnoxious gases- as, 
for instance, from sewers — but also causes their oxidation })y the 
almos])here. On this account charcoal linds practical application as 
a deodorant. 

Thus wood -charcoal has the power of hastening chemical action 
between adsorbed gases ; that is to say, it is a catahjsi. 

Animal Charcoal. — Animal charcoal is produc(‘d iVom bones, horn, 
blood, etc. Bone-hJaclc^ or hone-charcoal ^ is obtaiiud by the destructive 
distillation of bones in iron retorts, the distillate' constituting bone- 
oil or Dippel’s oil. Bone-black contains about SO per cent, of calcium 
phos])hate, a little calcium carbonate, some combined nitrogen, and 
only about 10 per cent, of carbon. The following is an analysis of a 
good sample of dried bone-black ^ ; 


Carbon . . . , . . , . lO-al 

('a and Mg phosphates, CaFo, elc. . . . 80*21 

CaCOa . . . . “ . . . . 8*30 

CaS()4 0*17 

FCoOy 0*12 

SiO. 0*3 1 

Alkali salts . . . , . . . 0*35 


100*00 

The carbon is dilTused in a very lincly dividc'd state througliout the 
mineral skeleton, and consequently presents a very large surface which 
possesses adsorptive properties. 

Blood -charcoal is made by evaporating blood with potassium 
carbonate, igniting, washing the charred residue with water and hydro- 
chloric acid, and again igniting. The potassium carbonate furnishes 
a basis on which the carbonaceous matter is deposited and rendered 
porous. 

An artificial form of charcoal, which simulat(‘s animal charcoal in 
porosity and adsorptive power, may be obtained by mixing sugar 
with bone-ash and igniting the mixture. 

The special characterislic of animal charcoal, on which its use 
depends, is its power to remove substances from solution. For t xample, 
it is wdl known that a brown solution of raw sugar is decolorised when 
boiled with animal charcoal. Other substances that are similarly 
removed from solution are indigo, litmus, iodine, the colouring-matter 
of red wine, the brown matter of peaty water or sewage, astringent 
principles, and certain basic salts, as well as fusel oil from alcohol. 
It is upon this property that the use of animal charcoal for filtering 
water depends, and also its em})loyment in the laboratory for purifying 
organic compounds by removing the tarry matter which is frecpiently 

^ Molsen, Compt. rend.y 1893> 76, 81, 92. 

® Stenhouse, “ On Charcoal a»s a Disinfectant,” Proc. Hoy. InaL, 1855, 2, 53 ; Pharm. 
J , 1858, i6, 303. 

® Thorpe, Dictionary of Aiqdied Chemistry (Longmans k Co.), 1912, vol. i, p* 205. 
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formed with tlu in. Animal charcoal is also employed technically for 
purifying paralhn and glycerine, and its dust for making ivory-black 
and blacking. VVlien tJic powcT of the charcoal is exliaustcd it may 
herein wt'd by ignilion or treatment with reagents. 

All these* ))henomena arc further examples of adsorption, which 
iaelud(‘s the fixation by solids of liquids or substances in solution J as 
well as of gas(‘s. 

It is chielly substances of large molecular weight, especially colloidal 
substances, w'hi(‘]i arc adsorbed from solution by charcoal. 

From a study of the decolorising action of various forms of charcoal 
Kiiecht “ supports the view that animal cliarcoal owes its dccolorisrng 
action to the })rcsence within it of organic compounds stable at red 
heat. 

The theory ot adsorjition has been devclojicd by Frcuudlieh® 
and Losev, ^ wtiose conclusions, however, have been criticised by 
McBain.** The jiroeess of adsorption of iodine by various forms of 
charcoal has been investigated by Davis,® who has reached the following 
conclusions : 

(1) Adsorjjtion of iodine by charcoal consists of a surface condensa- 
tion and a. diffusion (solid solution) into the interior of the carbon. 

(‘4) Surface condensation is rapid, and complete in some hours ; 
diffusion continues for Aveudes or months. 

(•3) Surface condensation is independent of diffusion. 

(4) Sugar and animal carbons possess, roughly, tlu; same power of 
adsorption; coco-nut carbon is much less efiicient, an<l its action is 
chi(‘ny due to diffusion. 

(5) The amount of adsorption is specific, and dcjicnds on tlu* nature 
both of the solvent and of the adsorbing substanca*. 

The adsorption of phenol, benzoic acid, and picric acid from alcoliolic 
solutions by carbon has been studied by Gustafson,’ who finds that the 
adsori)tion of picric acid takes place in accordance with the theory of 
Freundlich. ‘ 

Coke. — Coke is the residue produced by heating coal out of contact 
^vith air till all volatile matter has lieen remo\nxl ; it is thus a by-product 
in the manufact\ire of coal-gas. Coke is often made also by burning 
coal in covered hea|)s after the fashion of charcoal-burning, or by 
heating it in special coke-ovens. Coke made in ovens is hard, lustrous, 
and dense, prismatic in structure, silvery-grey and metallic-looking; 
it is a good conductor of heat and electricity, and difficult to burn. 
When nuidc by burning coal in heaps coke is dull black, spongy, and 
easily combustible. 

The chief use of coke is for the smelting of iron in the blast-furnacc ; 
but for this purpose only the hard coke made in ovens can be employed. 

Physical Properties of Amorphous Carbon. — Specific Heat Like 
that of iliamond and graphite, the specific heat of amorphous carbon 
is variable and increases with temperature. In accordance, however, 

^ For the theory of adnorption of dissolved substances, see S. Lagergreeii, Zeitsch, 
phynikal. Chem., 1900, 32 , 174. 

® Knecht, Seventh Intern. Congr. Appl. Chem., 1909, Sect. IV. b, 17. 

® Freundlich, Zeitsch. phfsiJcal. Chem.^ 1907, 57 , 385. 

♦ Freundlich and Losev, Zeitsch. physikal. Chem,, 1907, 59 , 284. 

® MeKain, Trans. Chem. Soc., 1907, 91 , 1683. 

® Davis, Trans. Chem. Soc., 1907, 91 , 1066. 

’ Gustafson, Zeitsch. Elektrochem., 1915, 21 , 459. 
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with its lower density the specific heat of amorphous carbon is greater 
at corresponding temperature than that of gra})liite or diamond. The 
following results werc^ obtained by Wigand ^ : 



Density. 

8pcciiic Heat. 

J'umperat lire 
“C. 

Diamond . 

3*518 

0*1128 

! 10*7 

Graphite . 
Gas-earbon 

2*25 

0*1601 

10*8 

1*885 

0*2010 

24-68 


]''arJicr investigations on tlu' specific li(‘;it of amorphous carbon 
wer(' made l)y Hegnanlt ^ (from 1840), BettendorlT imd Wulliier'* (1808), 
and Weber ^ (1875). Dewar •'* obtained the value 0-fil45 for gas-carbon 
for the tem})erature interval 20''“1010°, and Kun/ has measured tlu^ 
specific heat of wood-charcoal at xarious teanperatures and ealeulaled 
the following interpolation formula, Avhieh applies to all temperatures 
between 400'^ and IfiOO^. 

S 0 ‘214;3 + 0 1 436 X lO’®/ ~ 0 1 075 X U)-H\ 

Conductivity for Heat and Electricity. — I'he (‘onductivity for he ‘at 
of gas-carbon, whierh is fifteen times as grc‘at as that of coal, is 0*01()3 ; 
i.e. th(' amount of heat that passes in one second from oiie^ surface* to 
the otlu‘r of a uniform plate of 1 sq. cm. area and 1 cm. thick, there* 
being 1‘^ C. temijoeratui'c difference between the two surfaces, would 
heat 0*0103 gram of water C. 

The electric conductivity of gas-carbon re'se inblcs that of gi*aphitc ; 
its value’ at 0° C, is 0*0145 x 10^, Von Streintz ** lias investigated 
the electric conductivity of compressed lampblack, and found that it 
increases with rising temperature bctwc*en ■— 77^'" C. and 12" C., 
like that of an electrolyte; but Dewar and Fk'ining® have shown 
that the conductivity of electric-light filaments Ixlow the temperature* 
of licjuid air (~— 182°) is similar to tliat of metals, Le. it decreases with 
rising temperature. The conductivities of electric-light filaments are, 
according to Dewar and ITeming*^; 

at — 182° C. X ^ 0*0235 X 10^ 

„ 100° C. X = 0 0241 X 10^ 

„ 18*9° C. X =- 0*0252 X 10^ 

It has been found by Moore that the thermoelectric properties of 
amorphous carbon vary with temperature*, and depend on the raw 
material used and its treatment. Consequently it is inferred that 
amorphous carbon is not a single, definite substance. 

Chemical Properties of Amorphous Carbon. — In accordance with its 
less density and the absence of crystalline form, amorphous carbon is 
more susceptible to oxidation by chemical reagents than graphite or 
diamond. A mixture of hot concentrated nitric acid and potassium 

^ Wigand, Annalen Physik., 1906, [iv], 22 , 64-98. 

2 Regnauit, Ann. Chim. Phys., 1840, [iiij, 73 , 5 ; 1840, [i], 129. 

® Wiillncr, Pogg. Annalen^ 1868, 133 , 4. * Weber, Pogg. Annalen^ 1875, 154 , 367. 

® Dewar, Phil. Mag., 1872, [iv], 44 , 461. ® Kunz, Drude'a Annalen, 190.3, 14 , 327. 

’ Siemens, Wied. Annalen, 1880, 10 , 560. * Streintz, Ann. Phyeik, 1900, [iv], 3 , 1 . 

® Dewar and Fleming, Pkil. Mag., 1892, [v], 34 , 326. 

Moore, J. Ain^r. Oliem. Sac., 1015, 37 , ^32. 
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chlorate, which has no action on diamond and converts graphite into 
graphitic ac'id, more or less readily dissolves amorphous carbon, con- 
verting it into humic and mellitic acids. This reaction, which serves 
to distinguish between the ddicrent alloiropic forms of carbon, is known 
as Brodic’s n^aclioii.^ 

Sugar-charcoal, wood-charcoal, lignite, coal, anthracite, and soot 
arc acted uj)on when heated with concentrated nitric acid alone, 
giving brown solutions ; coke- and gas-carbon do not colour tlic' acid. 
A mixture of concentrated nitric and sulpliuric acids dissolves all forms 
of amorpho\is carbon ; but coke is the most re sistant towards this 
reagent. Lignite and coal are oxidised to oxalic acid by alkaline 
permanganate solution ; and alkali hypobromite dissolves lignite. 

Amorphous carbon is oxidised to carbon dioxide when heated with 
sulphuric acid and potassium dichromate, or with molten potassium 
chlorate or nitrate ; it combines with hydrogen under certain conditions 
to form Cir^ and C 2 II 2 wif^i sulj)hur vapour, forming CS 2 . 

Carbon also combines at high temperatures with mentals, such as Fe, Ni, 
Co, to form carbides — as, I'or instance, in the cementation and case- 
hardening })rocesses for steel — and reacts with lime in the electric furnace 
to form calcium carbide {q^v,). 

Amorphous Carbon as a, Heducing Agent. — Besides bc'ing used as a 
fuel, amorphous carbon, in one form or another, finds application as a 
reducing agent. The “ blowpipe reactions on charcoal,” familiar to 
every student of qualitative analysis, exemplify the use of carbon as a 
reducing agent. In these reactions metallic oxides, such as those of 
silver, bismuth, copper, lead, tin, are reduced to the metallic state. 

The use of coke in the blast-furnace, of anthracite in the reduction 
of tin arid zinc ores, the process of “poling” in copj;)er-vSmt']liug, 
are examples of reduction by carbon in metallurgy. The carbon anodes 
employed in the olectroms tallurgy of aluminium are consumed in the 
process, and no doubt their material aids the rediuition of the alumina 
by combining with its oxygen. The preparation of ])hosphorus also 
involves the reduction of phosphate by charcoal or coke. 

Combustion of Carbon. — Wlieji carbon burns in excess of air or oxygen 
the product consists of carbon dioxide only ; when, however, carbon 
dioxide comes in contact with glowing carbon it is rc^duced to carbon 
monoxide. It is an interesting question whether CO is first formed 
by the direct combustion of carbon or whether the product of combustion 
of carbon is at once and only COg. 

Lang ® believed that all the CO formed when oxygen was passed 
over gas-carbon at 500° owed its origin to the reduction of COjj, but 
Dixon ® pointed out that Lang’s experimental results did not j)reclude 
the formation of CO previous to CO 2 ; and, moreover, that COg is not 
reduced to CO below 600°. H. B. Baker’s ^ experiments a|)[>(‘ar to show 
that carbon burns in two stages, and that when thoroughly dried 
carbon and oxygen coml)ine the chief {)roduct is CO. C. J. Baker ® 
found that dry carbon which had adsorbed dry oxygen at 12° C. gave 
off a gas at 450° C. wiiich w^as mainly CO. Dixon ® has shown that CO is 

^ Brodio, rhil. Trans. ^ 1859, 149 , 249. 

* l^ng, Zeitsch. physikal. Chem.. 1888, 2 , 168. 

® Dixon, Trans. Ghent. Soc., 1899, 75 , 630. 

* H. B. Baker, Phil. Trans., 1888, A, 179 , 671. 

C. J. Baker, Trans. Chem. ISoc., 1887, 57 , 249. 

® Dixon, Strange, nnd Graham, Trans, Chem. Soc., 1896, 59 , 759. 
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formed before CO^ in the combustion of cyanogen, ix, of gaseous carbon. 
Finally Rhead and Wheeler ^ have proved from a consifh^ration of the 
relative rates of the various reactions between oxygen, CO, CO 2 , and 
carbon that in the burning of carbon the two oxides are produced 
simultaneously ; and they ^ are of o])iiiioii that tlie oxygen first ent(Ts 
the carbon molecule, oxygenating it by forming an unstable physico- 
chemical complex, CaiO?/, and that the energy of this combination causes 
some of the oxygc'ii moleculcNS to detach some of the carbon atoms and 
depart with them as molecules of carbon dioxide, whilst other oxygen 
molecules are “ torn a})art in the process — become atomised — and leave 
the carbon moh’cule as carbon monoxide.” 

Heat of Combustion of Carbon, and Relations between the Different 
Allotropic Forms. — Small diffe rences have Ix'cn observc'd between the 
heats of combustion of the different allotropic forms of carbon. The 
following values were obtained by Favre and Silbermann ^ for th(‘ 
reaction [CjOo], ix, for the combustion of 12 grains of carbon to 
44 grams of carbon dioxide : 

Diamond (1) . . 93,240 calories. 

„ (2) . . 94,050 

Nat ural graphite . 93,500 „ 

Cast-iron graphite . 93,140 „ 

Wood-charcoal . 96,900 ,, 

The heat of the r(‘aetion [C,0| was found to be 29,000 calories. 

The following figures were obtained by Berthelot ^ : 

Diamond. Graphite. Amorphous Carbon. 

94,310 calorics. 94,810 calories.^ 97,650 calorics. 

whence the following heats of formation are calculated® : 

Diamond from amorphous carbon . . 3340 caloricis. 

Graphite „ „ „ . . 2840 „ 

Diamond from graphite „ . . 500 ,, 

According to Mixter,^ the carbon obtained by the decomposition of 
acetylene is to he regarded as a distinct allotro})ic form, whoso heat 
of combustion is 94,730 calories, whilst that of sugar-chareoal is 96,680 
calorics, and of graphite 93,970 calories. The density of this form is 
1-919, and Moissan has shown that it is not identical with graphite. 

From a consideration of the above thermal differences between 
diamond, graphite, and amorphous carbon it apjiears that the formation 
of graphite from diamond is an endothermic reaction, and that diamond 
contains less internal energy than the other forms of carbon, and is 
therefore probably the most stable modification at ordinary temperatures. 

From a study of equilibrium in the systems C, CO, COjj and F<‘, FeO, 
CO, CO 2 Schenck and Heller ® conclude that between 400° C. and 800° C. 
graphite is the most stable and charcoal the least stable form of carbon. 

^ Rhead and Wheeler, Trans. Chem. Soc,y 1912, loi, 831, 846. 

2 Rhead and Wheeler, ibid., 1913, 103, 461. 

* Favre and Silbermann, Ann. Chhn. Phys., 1852, | iii], 34, 414 

* Berthelot, Compt. rmd., 1889, 108, 1144. 

® Roth and Wallasch (Ber., 1913, 46, 896) have found the heat of combustion of 
graphite to be 94,248 calories. 

« Berthelot and Petit, Ann. Chhn. Phys., 1889, [vi], 18, 80. 

’ Mixter, Amer. J. Sci., 1905, 19, 434. 

® Schenck and Heller, Ber., 1906. 38, 2139; see also Ber.y 1907, 40, 1704, and A. 
Smits, Ber., 1905, 38, 4027. 
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These considerations have an important bearing on the reduction of 
iron in the blast-farnace. Falcke/ however, throws doubt on Schcnck’s 
conclusions. 

I^oo7A.booin points out ^ that from 3000° C., at which temperature 
diamond is converted into graplute, down to about 1 000° C., when graphite 
is still tlie most stable form of carbon, diamond is in a melaslable 
condition (Fig. 1). No transition-point is known, however, between 



graphite and diamond ; therefore it appears uncertain which is the 
more stable form at atmospheric temperature. Nevertheless, by 
Nernst’s theorem ^ the transition temperature is calculated to be 372° C!, 
below which temperature diamond would be the most stable form of 
carbon. It has farther been calculated that graphite is converted into 
diamond at the temperature of molten iron, under a pressure of about 
10,000 atmospheres.^ 

Fusion and Vaporisation of Carbon* — Carbon vaporises in the elec- 
tric arc under atmospheric pressure at about 3600° C., and condenses 
as graphite. Moissan ® has shown that when carbon is heated in an 
electric furnace in a carbon tube at 2000 amperes and 80 volts it vaporises, 
and the tube is fillc'd with a light deposit, which by chemical tests is 
proved to be graphite. Moissan was of opinion that carbon vapour 
always yields graphite by condensation, but according to Berthelot ® 
the him deposited on the glass of carbon filament electric lamps is 
amorphotis carbon. Moissan concluded, moreover, that carbon might 
be liepudied under great pressure ; and showed that diamonds having 
the appearance of congealed drops, besides occurring naturally, might 

^ Falcke, JScr., 1913, 46 , 743. See vol. ix (this series). 

® .Koozoboom, PItcuienlehre, 1901, p. 179. 

® Nerrist, Silzungsber. K. Alcad. Wiss.^ Berlin, 1906, p. 936, and Chem. Zentr,, 1906, 
ii, 397. 

* Of. Moissan’s work on diamond, this vol., p. 35. 

® Moissan, Cornpt. rend,, 1894, 119 , 776; see also The Electric Furnace, by Henri 
Moissan, Eng trans., 1904, p. 110 c/ seq. 

® Berthelot, Compt. rend., 1903, 137 , 689. 
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be prepared artificially under great pressure. That carbon powder 
cannot be welded by great pressure alone was shown by Spring.^ 

In a stiid}^ of the thermal effects of the musical arc, La Rosa^ lias 
obtained evidence of the fusion of carbon and of its crystallisation 
in particles which sink in bromoform and mc‘thyl(‘ne iodi(Jc and scratch 
ruby. 

The physical constants of carbon have been calculated by Crookes ^ 
in the following manner : 

The critical temperature of a substance is about 1*5 times its boiling 
or vaporising temperature at atmospheric pressure. The va]iorising 
temperature of carbon is about 3870'^ abs. (— 3000'' C.) ; therefore its 
critical temperature is about 5800° abs. Further, the critical temperature 
of a substance is numerically equal to about 2*5 times its critical prc'ssure ; 
so that the critical pressure of carbon is about 2320 atmosjihcres. 

Lastly, the melting-points of substances that sublime {e.g, arsenic) 
arc about 1 •1-1*2 times as high as their va])()rising temperatures at 
atmospheric pressure ; consequently the lowest mc ltijig-})oint of carbon 
is about 4400°. By the application of the Rankine-van cKt Waals 

39,210 

equation: log P = 10*11 — — — , the pressure corresponding to 

this melting-point is found to be about 16 atmospheres. Thus the 
following physical constants of carbon have been arrived at : 


Temp, (aba.) 
3870° 
4400° 
5800° 


Press, (atm.) 

1 vaporisation-point 

16 melting-point 

2320 critical point 


PROPERTIES OF CARBON 



Diamond. 

Graphite. 

jAmorphoiis carbon. 

Crystalline form 

Octahedra and 
cubes 

(regular system) 

Hexagonal plates 
(nionoclinic 
system) 

-- 

Hardness 

10 

< 1 

Variable 

Density .... 

3-52 

About 2-2 

1-4-1 -9 

Refractive index for sodium 




light .... 

2-417 

— 

— 

Coefficient of linear expan- 




sion .... 

0-0000012 

0-0000079 

— 

Specific heat at atmos- 




pheric temperature 

0-1128 i 

0-1604 ! 

0*2040 

Conductivity for heat 

Good 

Good 

0 0103 K 

„ „ electricity 

Bad 

Good 

0-0145 X 10«at0° 
(gas-carbon) 

Combustion : 



Evolution CO 2 begins 

720° C. 

670° C. 

•200° C. 

„ „ vigorous . 

790° C. 

600° C. 


Inflammation temperature 

800°-850° C. 

090° C. 

345° C. 

Action of KClOs -f HNO 3 

None 

Forms graphitic 

Forms humic 


1 

acid (insol.) 

acid (sol.) 


1 Spring, Anri. Chim. Phys., 1881, [v], 22, 170. 
* La Rosa, Compt, rend,, 1909, 148, 475, 616. 

® Crookes, Proe, Roy, Soc,, 1905, A, 76, 468. 
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COAL 

Coal is the name given to various kinds of carboniferous material 
of vegetable origin found in the crust of the earth. Vegetable matter — 
peat, lignite, soft coal, anthracite — forms a scries of fuels which show a 
regular gradation in pro])crties, though the plants which produced 
peat and lignites were not of the same nature as those that gave rise 
to true coal. Chemically, the transformation of vegetable remains into 
coal has consisted in the loss of volatile matter, and the consequent 
increase in the proportion of carbon. This fact is illustrated by analyses, 
thus ; 



Carbon. 

Hydrogen. 

Oxygen and 
Nitrogen. 

Wood 

49-76 

6-14 

44-80 

Sphagnum, chief plant of peat- 




bogs 

49-88 

6-54 

43-58 

BJack peat .... 

59-70 

5-70 

34-60 

Lignite from Tenditz, Germany . 

57-02 

5-94 

37-04 

Lignite from Sardinia 

82-26 

6-52 

11-22 

Non-caking bituminous coal, S. 


- 


Staffordshire 

81-39 

5-73 

12-87 

Bituminous coal, Pennsylvania . 

85-73 

5-49 

8-78 

Cannel coal, Wigan 

88-58 

5-77 

10-65 

Fossil plants from coal-bc^ds. 




Commentry, France 

^ 82-45 

4-75 

12-80 

Welsh anthracite 

92-73 

3-37 

3-90 

Ural anthracite 

97-46 

0-61 

1-93 


It is noteworthy that in the course of transformation of vegetable 
matter into coal the diminution of hydrogen is small compared with that 
of oxygen and nitrogen. This fact is of great economic importance. 

Peat. — Peat is produced from plants which grow in bogs, especially 
bog-moss or sphagnum. Below the surface of the bog the vegetable 
structure gradually gives place to a black, somewhat gelatinous mass 
of peat, which is cut into blocks, dried, and used as fuel. Heather, 
grasses, sedges, and trees may give rise to peat ; occasionally the 
remains of trees, such as bog-oak and bog-pine, of an ebony-black colour, 
are found embedded in peat. 

Peat consists essentially of water, inorganic matter, vegetable fibre, 
and humus. It is produced from vegetable matter, probably through 
the action of micro-organisms, with gradually increasing pressure of 
superincumbent material. Thus a bed originally a foot thick may be 
compressed to three inches ; and if peat is buried beneath drift or clay 
the pressure upon it may be further increased, and conditions set up 
which would eventually transform peat into a kind of coal. 

Lignite. — Lignite, or brown coal, is intermediate in composition 
between peat and coal. It is rightly called fossil wood, for it consists 
of the remains of trees and shrubs of the Tertiary epoch, which 
closely resembled those of to-day. It cannot be regarded as coal in 
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process of formation, since the latter is not derived from woexi ; and 
it differs from coal in being easily acted on by nitric acid. It is variable 
in composition, hardness, and colour. Jet is a very hard variety of 
lignites, which is probably derived from coniferous wood. 

Origin of Coal* — A study of the relationships of the carboniferous 
to other strata, and of the fossils found in the coal measures, makes 
possible a fairly accurate view of the origin and mode of formation of 
coal. Coal-bearing strata occur first in the late r primary rocks of the 
t?arth’s crust, and recur in various subse(pient formations. The flora 
and fauna existing when true coal was formed wc're ^"ery different from 
those of the present day. The vegetation of the coal jxu'iod, as shown 
by fossil remains, was chiefly cryptogamic, consisting of giant tree-ferns, 
reeds, equiseta, and club mosses ; but corvifers and cycads also 
occurred, and their seeds, together with the spores of ly copods, con- 
tributed in large part to the coal. Forest trees, however, such as oak 
and elm, had not yet appeared. 

All this vegetation flourished exceedingly in marshy land and in 
an atmosphere rich in carbon-dioxide gas. Dead and dc<;aying vegeta- 
tion was buried beneath succeeding layers of similar material, or of 
sediment which hardened into rock ; thus under enormous and cver- 
inen^asing pressure, by the agency of bacteria but in the absence of 
air, layers of coal were gradually formed. 

Various attempts have been made to imitate artificially the pro- 
cesses by which coal has come into existence, by submitting carbonacceous 
matcufal to high pressure and temperature. Spring^ submitted peat 
to 6000 atmospheres pressure, aud convertcxl it into a hard, black, 
shining substance like coal. Violette ^ belated wood to nearly 400° C. 
in a sealed tube; the volatile products exerted a great pressure, and 
the solid remaining had the appearance of a fatty coal. Cagnicird de 
la Tour ® performc'd similar experiments, and Fremy ^ heated carbo- 
hydrates and “ ulmic acid ” in sealed tubes to about 300° C., and obtained 
the following coal-like products, which yielded water, gas, tar, and 
coke by destructive distillation. 


COMPOSITION OF ARTIFICIAL COALS 



Carbon. 

llj'^drogen. 

Oxygon. 

Coal from sugar 

66'8|. 

4*78 

28*43 

„ „ starch 

68*48 

4*68 

26*84 

„ „ gum arabic 

78*78 

5*00 

16*22 

„ ulmic acid ([)eat) 

76 06 

4*99 

18*95 

„ „ „ „ (vasculose) 

78*78 

5*31 

18*26 


S. stein ® has carried out experiments with wood heated with water 
in sealed tubes, to which reference has been made under charcoal 


^ Spring, Bull, Acad. roy. Belg., 1880, 49, 367. 

2 Violette, Aim. Chim. Phya., 1851, [iiij, 32, 304. 

® Cagniard de la Tour, Compt. rend., 1851, 32, 295. 
• Fremy, Compt. rend., 1879, 88, 1048, 
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More recently Bergiiis ^ has heated peat, cellulose, and water to a tem- 
perature of 340° C. for eight hours at a pressure of 100 atmospheres, and 
has thus obtained a finely divided black powder, very similar to ordinary 
coal so far as its composition and qualitative reactions arc concerned. 
Subsequent heating to above 300° C. under pressure of about 5000 atmos- 
pheres yielded a coherent mass resembling coal in its physical properties. 

Chemical Constitution of Coal. — Little was known until recently 
about the chemical constitution of coal. Considerable light, hoAvever, 
has been thrown upon this difficult problem by the work of Wheeler 
and his collaborators, to which reference will shortly be made. First 
of all it may be said that the number and complexity of the products 
of the destructive distillation of coal in the manufacture of coal-gas 
throw little light upon the constitution of coal itself, because these 
products may have been formed or altered in the process of distillation, 
and the proportion between them certainly varies with varying conditions 
of treatment. That coal cannot properly be described as an allotropic 
form ()f carbon may be judged from the fact that it is not certain that 
every kind of coal contains free carbon at all. Probably lignite contains 
no free carbon, but anthracite undoubtedly contains it. Caustic soda, 
potash, and ammonia extract humic acid from peat and lignite, but 
not from true coal. When lignite is fused with caustic soda pyro- 
catcchin is obtained. True coals do not yield this compound. 

The invcstigatioiis of Wheeler ^ and others were commenced with 
a view to elucidate the causes and conditions of the explosions of mixtures 
of coal-gas and air in mines. 

It has been shown by these observers that in the careful destructive 
distillation of coal different volatile products are obtained at different 
temperatures. Ethane, propane, butane, and higher members of the 
series of paraffin hydrocarbons form a large percentage of the gases 
evolved below 450° C. The evolution of these gases ceases, however, 
above 700° C., and hydrogen and oxides of carbon take their place, so that 
the composition of the evolved gases shows a marked change at 750°- 
800° C., a “ critical period ” lying between these temperatures. It is 
inferred from these phenomena that “ coal contains two types of com- 
pounds of different degrees of ease of decomposition — the one, tlie 
more unstable, yielding the paraffin hydrocarbons and no hydrogen ; 
the other, decomposed with greater difficulty, yielding hydrogen alone 
(or, possibly, hydrogen and the oxides of carbon) as its gaseous decom- 
position product.” 

Another mode of attack was to treat the coal with various solvents. 
This had been done before, such solvents as petroleum-ether, benzene, 
and alcohol having been used. Pyridine,® moreover, had been found 
to be a valuable solvent, which now yielded important results. Pyridine 
extracts from coal that portion of it which gives rise to the paraffin 
hydrocarbons on destructive distillation, together with some of the 
hydrogen-yielding portion. Re-extraction of the pyridine extract with 
chloroform or benzene gives the paraffin-yielding fraction fairly pure. 

^ Bergius, J. Soc, Chem. Ind., 1913, 32 , 462. 

® Burgoss and Whcelor, Trans. Chem. 8oc.^ 1910, 97 , 1917 ; 1911, 99 , 649. Clark and 
Wheeler, Trans. Chem. Soc., 1913, 103 , 1704. Wlieeler, Trans. Chem, Soc., 1913, 103 , 
1716. Burgess and Wheeler, Trans. Chem. Soc,, 1914, 105 , 131. Jones and Wheeler, 
Tratis. Chem. Soc., 1914, 105 , 140 ; 1916, 109 , 707. 

® T. Baker, Trans. Inst. Min. Eng., 1900, 20 , 159. P. P. Bedson, J. Soc. Chem. Ind., 
1908, 27 , 147. Donath, Chem. Zeit., 1908, 32 , 1271. 
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This product is of a resinous nature, whilst the portion insoluble in 
chloroform is a degradation -product of cclliiloso, a humus substance. 
The “ humus substances,” whether left in the coal after extraction with 
pyridine or as a residue after chloroform or benzene re-extraction, were 
found to yield on distillation mainly phenols, whilst the “ resinous 
substances ” yielded no phenols, but olefines and naphthenes, as wxll 
as para (Tin s.^ 

These products arc the remains respectix ciy of the* resinous con- 
stituents and w'oody fibre of a “ monster v(‘getation which flourished 
long before the earth w^as inhabited by man.” 

The distillation of bituminous coal in a vacuum at temperatures 
not exceeding 430° C. yielded further information ^ wuth rc'gard to the 
resinous substances, and further extraction of the pyridine-chloroform 
extract with jxmtane yielded crystals of ])araffin wax of melting-point 
55°-59° C., wdiich formed about 0-1 per cent, of the original coal. These 
results have led to tlie formulation of a theory with regard to the 
compounds in coal itself which \ield volatile' hydrocarbons by dist illation 
at low temperature. 

Liquid or gaseous paralfms cannot have been produced by the 
thermal decomposition of free solid paraffins, which are not present in 
suffici(.‘nt quantity, and neither can it be thought that they are formed 
by pyrogenic synthesis under the conditiojis of th(' cxp(‘riments. It 
is beli()\x‘d that they are present in the coal substance combined somc- 
wffiat loosely with a less volatile residue from which they are liberated 
by moderate heat. 

The distillation of “ free ” paraffins from “ bound ” molecules is 
thus represented : 

RIT'CnII 2NH-1 R -f- CNrIl2N-}- 2» 
or 

RH'CnH2N+1~^ R + 2 “1“ 

A similar explanation is applied to the breaking down of ethylcnic and 
naphthaicnic molecules.^ 

From a thermal study of the process of carbonisation of coal and 
related substances Hollings and Cobb ® arrive at the following con- 
clusions : 

(1) Below 400° C. cellulose shows a strongly exothermic rc'action begin- 
ning at 345° C., and probably due to loss of hydroxyl groups, and con- 
sequent molecular condensation. Coal itseif does not show this reaction. 

(2) 400°~600° C. is the temperature interval in which the charac- 
teristic differences in different types of coal arc exhibited. Oils, un- 
saturated hydrocarbons, higher paraffins, and oxygenated compounds arc 
evolved, the thermal phenomena varying with the quality of the coal. 

(3) C00°~800° C. is the temperature interval in wffiich methane is 
evolved, and all coals are exothermic. If the carbonisation process 
is on the whole exothermic, the thermal reaction at this stage is the 
predominant cause. 

(4) Above 800° C. hydrogen is the chief product, and the change is 
thermally neutral, or slightly endothermic. 

^ Jones and Wheeler, Trav^. Ghem,, Soc., 1914, 105, 2502; 1915, 107, 1318. 

® Lewes, The Carbonisation of Coaly London, 1912, p. 24. 

® Similar experiments have been carried out by Pictet and Bonvier {Compt. rend., 
191.3, 157, 779). * Jones and Wheeler, Trans. Chem. 80 c.. 1914, 105, 140. 

* Hollings and Cobb, Trans. Chem. Soc , 1915, HOO, 
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Varieties of Coal* — True coal is divided into two classes : bituminous 
coal and anthracite*. 

Bituminouif coal varies considerably in composition, but burns always 
with a luminous and smoky flame, and yields by destructive distillation 
in closed retorts hydrogen and volatiles hydrocarbons, which compose 
coal-gas, ammonia, water, and tar or bitumen. 

Two vari(‘tic‘s of bituminous coal are caking and non-caking coal. 
Caking coal undergoes incipient fusion during burning, becoming 
pasty, and yielding a variety of coke which is cellular and dissimilar 
in form from the coal. Non-caking coal shows no signs of fusion when 
burnt, and does not yield a true coke, 

Cannel (—candle) coal, also called parrot coal, is a highly bitu- 
minous kind of coal which takes fire when held in a flame. It is dull 
black, and shows no banded structure, but has a conchoidal fracture. 
It is often rich in nitrogen, which is derived from the r(‘mains of fish ^ 
embedded in the coal when it Avas being laid down under water. 


ANALYSES OF BITUMINOUS COALS 





Non-caking. 

Caking. 

Cannel. 




A 

B 

c 

I) 

E 

F 

Carbon 



75-81 

87-62 

81-41 

78-69 

80-07 

78-06 

Hydrogen 



5-22 

4-34 

5-83 

6-()() 

5-53 

5-80 

Oxygen . 



11-14 

2-52 

7-90 

10-07 

8-08 

3-12 

Nitrogen . 



1-98 

1*13 

2-05 

2-37 

2-12 

1*85 

Sulphur . 



0-90 

1-07 

0-74 

1-51 

1-50 

2-22 

Ash 



5-00 

3-32 

2-07 

1-36 

2-70 

8-95 


A. St. Helens, Lancashire. B. Dowlais, South Wales. C. and D. Northumberland. 
E. Wigan. F. Tynesid€\ 


Anthracite, produced from vegetable matt(‘r by loss of the maximum 
amount of volatile constituents, is hard, black, and metallic-looking. 
It burns without smoke, gives a maximum heat of combustion, and is 
used for steam-raising. 


ANALYSES OF ANTHRACITE 



South Wales. 

Pennsylvania. 

Carbon 

90-39 

92-59 

Hydrogen , 

3-28 

2-63 

Oxygen 

2-98 

1-61 

Nitrogen 

0-83 

0-92 

Sulphur 

0-91 

— 

Ash . 

1-61 

2-25 


^ Newberry, Amer, J. Scu, 1854, ii ; 23 , 212. Rofe, Oeot Mag,, 1866, p. 208 
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Precarboniferous coals, such as anthraxolite, schungite, and graphi- 
toid, contain an even less proportion of volatile matter than anthracite. 
They are metarnorphic coals, but contain their carbon in the amorphous 
state. 

The Gases in Coal.-- It is not necessary for coal to be heated in order 
to give off gas. Much gas is occluded or adsorbed in coal, or is pent up 
in cavities in the seams. This gas is chielly methane, and, because it 
is the cause of fires and exjjlosions in mines, it is called fire-damp. 
Owing to the physit^al condition of the gas in tlie coal, its rate of evolu- 
tion is influenced by variations in atmospheric [irc^ssure ; hence miners 
are warned that a sudden fall in the barometer indicates danger from 
explosion of fire-damp. The occurrence of mc'thane in coal is connected 
with the v(‘getable origin of the latter. Just as marsh-gas is generated 
by vegetable matter decaying under water at the present day, so was 
it produced from the plants of the carboniferous period. No doubt 
much of this ga>s escaped, but some nanaiiu'd adsorbcid within the 
structure of the coal in process of formation. It is particularly in deep 
mines, and therefore where coal is under great pressure, that fire- 
damp occurs. 

The composition of the gas which can be extracted from coal by 
heating it to 100° C. in vacuo has been investigated by Thomas.^ The 
following are representative analyses of the gas from 100 grams of 
coal : 



Bituminous Coal. 

Steam Coal. 

Anthracite. 

Volume of gas 

Percentage of CO., 

„ cii; . 

„ 0,. 

55-1 c.c. 

5-44 „ 

63-76 „ 

105 „ 

29-75 „ 

147-4 c.c. 
18-90 „ 
67-47 „ 
1-02 „ 
12-6] „ 

600-6 C.C. 

14-72 „ 

84-18 „ 

110 


The greater volume of gas obtained from anthracite is due to the 
fact that, being less porous than bituminous coal, it retains its gas 
better than the latter during removal from the mine. 

The gases in coal have been investigated by Trobridge.^ 


ATOMIC WEIGHT OF CARBON 

In his original tabic of atomic weights, published in 1803, Dalton 
gave 4-3 as the atomic weight of carbon, but altered this in 1808 to 5. 
Prout, in 1815, wrote C = 6, and Gmelin attributed the same value to 
the equivalent of carbon. Th6nard, in 1820, accepted for the atomic 
weight C = 12-25 (H == 1) ; Meissner, in 1834, C »-= 4*24 (H = 1) ; 
Kuhn, in 1837, C = 6-1 (H = 1). 

This confusion was removed by the recognition of Avogadro’s theory, 
and the fact that never less than 12 parts by weight of carbon are 
present in a molecular proportion of any of its volatile compounds ; 

^ Thomas, Tram. Cherru 8oc., 1876, 28 , 793. 

* Trobridge, J. Soc, Chem, Ind., 1906, 25 , 1129. 
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though Wanklyn,^ in 1894, unsuccessfully attempted to revive the 
value C — 6, on the ground that Russian kerosene contained hydro- 
carbons in whos(‘ inoJeeaJ(‘S there would appear to be present half- 
atoms of carbon, e.g. CyjHis, if the atomic weight of carbon were 
made equal to 12. 

Although the sjx'cific heat of carbon varies for the; different allo- 
tropes, and also varies in the ease of each alio trope with temperature, 
it approach(‘s a constant value, which is the same for diamond and 
graphite, at about 000° C. Thence, if C == 12, the atomic heat of carbon 
becomes 5*5, a value comparable with that of analogous elements (see 
voL i (this S(Tirs), p. 90). 

In th(' Periodic Table there is a vacancy for an element exhibiting 
the same general properti(*s as carbon, the atomic weight of which 
lies between those of boron (11-0) and nitrogen (14*01). 

The mcithods employed in the accurate determination of the atomic 
weight of carbon have been rnau}^ and varied, but they ail fall into one 
of two categorie s, namely, (1) physical methods^ based u])on de termining 
the densities of gaseous compounds, and {2^) chemical methods, depending 
upon the combustion of carbon or the analysis of its compounds. 

(1) Physical Methods. — On the assumj)tion that A vogadro’s theory 
is rigidly true, and therefore that oxygen and carbon monoxide undergo 
no change of volume when ihey are separately converted into carbon 
dioxide, the molecular weights of these three gases can be compared 
by determining their densities ; so that the atomic weight of carbon 
can be calculated if that of oxygen is known. 

Wollaston, 2 in 1814, first calculated the atomic weight of carbon in 
this manner from the density determinations of Biot and Arago, namely : 

Density of oxygen (air = 1) == 1*10359 
Density of carbon dioxide — 1*51961 

Hence, atomic weight of carbon (O = 16*00) — 12*068. 

Berzelius and Dulong,^ in 1819, obtained the following values ; 

Density of oxygen (air = 1) = 1*1026 
Density of carbon dioxide = 1 *5245 

Hence, atomic weight of carbon (O = 16*00) = 12*24. 

They confirmed this value for the atomic weight of carbon by a chemical 
method (vide infra). 

On the authority of Berzelius this value was accepted for a number 
of years, though R. D. Thomson,^ in 1836, obtained the figure C == 12*000 
by a density determination. Wredc,® however, in 1842, subsequently 
to the chemical methods of Liebig and Rcdtenbacher in 1841, pointed 
out that carbon dioxide is more compressible at ordinary temperatures 
than corresj^onds with Boyle’s law, and that oxygen therefore )delds 
less than its own volume of carbon dioxide, the density of which is 
correspondingly high. He estimated the ideal density of carbon dioxide 
to be 1*52037, that of oxygen 1*1052, and that of carbon monoxide 

‘ Wanklyn, D.A. BeporiSf 1894 ; Ch^m. News, 1894, 70, 89. 

* Wollaston, Phil. Trails., 1814, 104, 20. 

® Berzelius and Bulong, Ann. Ohim. Phys., 1819, 15, 392. 

* Thomson, Pecords of General Science, 1836, p. 179. 

» Wrede, Jdkresber., 1842, 22, 72. 
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0*96779 ; whence by comparison of densities he obtained the following 
results : 

From the ratio C()j» : CO, atomic weight of C ^ 12 '023 

„ „ CO :0, „ C== 12 021 

„ ,, CO : O, ,, C = 12 022 

the mean value being C — 12*022 ( 0= 16). 

The above results, however, are merely of historical interest. 

Modern invc'stigators have, like Wredc, recognised the approximate 
character of Avogadro’s tlu‘ory, and devised methods whereby gaseous 
densities may be utilised for the determination of exact molecular 
weights. Of these methods, D. Bcrthelot’s “ method of limiting 
densities ’’ and Guj^e’s “ method of critical constants ” have been 
explained in vol. i of this series. Ledue has dc^vised a third method, 
the “ method of molecular volumes,*’ which is in principle identical 
with that of Herthelot, although the actual methods of calculation 
adopted by Lediic arc somewdiat different. Leduc^ has detennined 
the densitie s of carbon monoxide, carbor) dioxide, acetylene, and oxygen 
at N.T.P. relatively to that of air, and also tneasured the compressibilities 
of these? gases. Ilis density results, when that of oxygen is unity, are 
as follow : 

CO = 0*87495 ; COg = 1*38324 ; CgHg = 0*8194 ; 

the values for the oxides of carbon being in excellent agreement with 
Lord Rayleigh’s data for the same gases. Leduc’s method of calculation 
leads to the following results : 

Molecular weight of CO = 28*005, whence atomic weight of C = 1 2 * 00 .) 

„ „ CO 2 = 44*005, „ „ C = 12*005 

„ „ C 2 H 2 = 26*026. „ „ C = 12*005 

where 0 — 16 and H == 1 00762; and the same method of calculation 
gives for methane the results : Molecular Aveight of CTl 4 = 16*036, whence 
atomic weight of C --12*006, when Baumc and Perrot’s value ^ for the 
weight of a “ normal ” litre of the gas is adopted, viz. 0*71080 gramm(‘s. 

D. Berthelot, in 1898, calculating by his method and utilising for 
the purpose the experinumtal data of Leduc and Rayleigh, arrived 
at the value C = 12*005, as the most probable mean of a number of 
values ranging from 12*000 to 12*007.^ Bcrthelot’s method, liowevtT, 
cannot be very satisfactorily applied to gaseous carbon compounds, 
since their compressibilities at 0° C. have not been directly measured, 
and attempts to calculate them from either van der Wnnls’ equation 
or one of its modifications are not very satisfactory.^ The above cited 
value for the density of methane, together with Leduc’s determinations 
of the compressibility at Ifi'* C., give 

Molecular weight of CH 4 = 16*039, whence atomic weight of C = 12*0085 
while Rayleigh’s value ® for the density of carbon monoxide at N.T.P., 

1 Leduc, Ann. Chim. Phys., 1898, [vii], 15 , 5; 1910, fviii], 19 , 441. 

* Baumo and Perrot, J. Chim. phya., 1909, 7» 309. 

® D. Berthelot, Cornpt. rend., 1898, 126 , 954,1030, 1415, 1501 ; J. Physique, 1899, [iii], 

8 , 203 ; see also Zeitsch. FAektrodiem., 1904, lo, 621 ; Compt. rend., 1907, 144 , 76, 194, 
269, 352 ,* 145, 317. 

* See vol. i (this series), chap. iv. 

® Rayleigh, Proc. Roy Soc., 1897, 62 , 204; 1904, 73 , 153 ; Phil. Trans., 1904, A, 204 , 
351 ; Zeitsch. physikal. Chem., 1905, 52 , 705, 
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viz. 0*87497 (0 — 1), and his value for the compressibilitv at about 
13° C., lead to 

Molecular of (X) == 28*003, whence atomic wei<?lit of C — 12*003. 

Guye’s method of critical constants^ be apj)licd to the ditlieultly 
liquefiable j^ases carbon monoxide and methane. The density of carbon 
monoxide at N.T.P. is 0*87497 according to Rayleigh, and 0*87495 
according to Ledne, when that of oxygen is unity. Th(^ mean value 
corresponds to a we ight of 1*25032 grams for a normal litre of carbon 
monoxide. A similar volume of methan(% according to Banme and 
Perrot, weighs 0*71680 grams. Guj^e’s method of calculation leads 
to the f(ilIowing results : 

Molecular weight of CO ==::28*003, whence the atomic wi‘ight of C= 12*003 
„ „ 0114^:16*034, „ „ „ C-12004 

O - 16, H - 1 00702. 

In di^aling with readily liquefiable gasc^s Guye adopts curbon dioxide 
as the standard from which to derive the constants in his forrnuhe, and 
assumes an atomic weight of C = 12*002. Accordingly, the values 
C — 12*001 and C = 12*003, that m.ay tluai be derived from the densities 
of acetylene and ethane ^ respectively, only serve to indicate the 
consistency of the method of calculation.^ 

(2) Chemical Methods. — From an analysis of purified naphthalene, 
Dumas,^ in 1838, came to the conclusion that the value for tlie atomic 
weiglit of carbon (C — 12*24) obtained by Berzelius and Dulotig in 1819, 
by the density method prc^viously referred to, was too liigh. Conse- 
quently Berzelius ^ analysed lead carbonate and oxalate, converting 
them to monoxide, and obtained the value C — 12*242, wliieh a.p|.)care(i 
to justify his previous result. Dumas, however, was uneonvinci'd, 
and, together w^ith Stas, carried out a seric‘s of researches to determine 
the ratio C : COg by the combustion of diamond and natural and 
artificial gra})hite. 

The graphite employed was purified by fusion with alkali, followed 
by treatment with hyclrochloric acid and with aqua regia, and subse- 
quently, after washing and drying, by ignition at a white heat for 
sixteen to eighteen hours in a stream of chlorine. The graphite or 
diamond was contained in a platinum boat placed in a porcelain tube 
and heated in a furnace, and was burnt in a curnait of carefully purified 
oxygen, tlie carbon dioxide being absorlied in potash bulbs. Both 
graphite and diamond left a minute ash, the weight of which was 
subtracted from that of the substance taken. 

It has been pointed out by Scott ’ that in correcting their weighings 
for the air displacement of the potash solution, Dumas and Stas, as 
well as later experimenters, neglected to take account of the expansion 

^ Guye, Compt. rend.^ 1904, 138 , 1213 ; J. Chim. phys., 1905, 3 , 321. 

® Guye, 2oc. cit. 

® Baume and Perrot, J, Ohim, phys,, 1909, 7 , 309. The value 12*036 given in the 
original paper is due to an arithmetical error. 

* For further work on the atomic weight of carbon, by physical methods, see Baume, 
J. Chim. phya.. 1908, 6, 1 ; Jaquerod and Perrot, Compt. re?wf., 1905, 140 , 1542. 

^ Dumas, Pogg. Anndkn, 1838, 44 , 110. 

• Berzelius, Lieb. Annalmf 1841, 38 , 195. 

’ Soott, Trans. Chem. Soc., 1897, 71 , 660. 
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of this solution during its absorption of carbon dioxide. Consequently 
the values obtained })y theses observers arc slightly too high. 

Mean value obtained by Dumas and Stas . . C = 11*9975 

„ „ corrected by Scott C == 11*9938 

Erdmann and Marehand ^ carried out experiments similar to those 
of Dumas and Stas, weighing the carbon dioxide produced in the 
combustion of diamond and graphite. They matle, however, the same 
omission as th(‘ former experimenters, and their result, together with 
the correction t)f Scott, was as follows ; 

Uiicorrt eted. Corrected by Scott. 

C == r2()()93 12 0054 

Later expe^riments of a similar kind to wliieh the same correction 
needed to be applied were those of Roscoe,*^ Friedel/* and van der 
Plaats.^ 

Uncorreoted Corrected by Scott. 

Roscoe .... 12-0029 .. 11-9973 

Friedel 12-0112 . . 12-0056 

VanderPlaats . . . 12-0031 .. 12-0018 

The mean of the live values obtained by the aV>ove observers from 
the combustion of carbon, after correction by Scott, gave C = 12*0008. 

Stas,^ in 1849, estimated the atomic weight of carbon by passing 
carbon monoxide over heated copper oxide, and de termining the loss in 
WHiight of the latter and the weight of carbon dioxide formed. From 
the relation O 2 : COg thus found the value C ^ 12-0046 (O — 16) may 
b(^ obtained. Scott ® has critically examined the abovc^ method, and 
finds it vitiated by a number of experimental errors which have evidently 
compensated each other to yield this accurate figure. 

Another method for determining the atomic weight of carbon which 
must be noticed is that depending on the ignition of organic silver 
salts. 

Liebig and Redtcnbacher,^ in 1841, obtained the following results 
from the ignilion of (a) silver acetat(% (5) silver tartrate, (c) silver 
racemate, (d) silver malatc : 

(а) CgllgGoAg : Ag 100 : 64*6065, whence atomic weight of C ~ 12-039 

(б) C4H40eAg2 : 2Ag == 100 : 59*2806, C = 12*044 

(c) : 2Ag = 100 : 59*2769, „ „ „ C = 12*049 

(d) C4H405Ag2 : 2Ag == 100 : 62*0016, „ „ „ C = 12*050 

Marignac,® in 1846, found 

CgllaOgAg : Ag = 100 : 64*609, whence atomic weight of C =12-035, and 
C2H302Ag : Ag = 100 : 64*649, „ „ .. C = 11-986 ; 

the latter result following special precautions against loss of silver by 

^ Krdmann and Marehand, J. prakt, Chem., 1841, 23, 159. 

2 Roscoe, Gompi. rend.^ 1882, 94, 1189. 

* Friedel, Bull. Soc. chim.t 1884, fii], 41, 100. 

* Van dor Plaats, Oompt. rend., 1885, 100, 52. 

^ Stas, Bull. Amd. Bruxelles^ 1849, 16, 1. 

® 8cott, Tram. Chem. Soc., 1897, 71, 557. 

’ Liebig and Redtenbacher, 1841,38, 137. In those and the succeeding calcu- 

lations the following antecedent data have been assumed — O 16*000 ; Ag “ 107-880; 
11 = 1-00762; Na = 22-996. 

® Marignac, (Euvres Compldies, 1846, i, 183. 
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spurting. Some results obtained by Mauinene ^ were too low and will 
not be considered here. The general tendency is for all estimations 
involving ignition of sih er salts to be a little too high, owing to slight 
volatilisation of silver. 

Hardin, 2 in 1890, analysed silver acetate and benzoatci by dissoh ing 
them in water, adding excess of potassium cyanide and electrolysing 
the solution. From his results the following values may be calculated : 

CgHgOjiAg : Ag === 100 : 64*037, whence atomic weight ot C ~ 12*000 

CyllgOgAg ; Ag == 100 : 47*125, „ „ „ C == 12*001 

In 1904 Parsons ^ analysed glucinum acetylacetonatct and glucinum 
basic acetate, with the following results : 

(C5lf7().,)2Gl : GIO 100 : 12*1124 

(C2ri302)6GGl4 : 4G10 =- 100 : 21*098 

These equations give tlui valu(*s G1 — 9*112 and C — 12*007. 

Nevertheless, Scott, ^ in 1909, titrated carel'ully puriiied t(‘tramethyl 
and tetra-(.'thyl-ainmonium bromides with a solution of pure silver, 
and obtained the remarkably high values of C =r= 12*017 and 12*019 
respectively. 

Later, however, he obtained the values C = 11*999 and C = 12*002 
by experiments on the combustion of naphthalene and cinnamic acid 
respectively. The description of these experiments is lacking.^ 

Richards and Hoover ® have determined the value of the sodium 
carbonate-silver ratio to be 

NugCOa : 2Ag = 29*43501 : 59-91070, 

from which it follows that if Ag — 107*88, the molecular weight of 
sodium carbonate (Na 2 CO.j) is 105*995, whence the sum of the atomic 
weights 2Na -[- C = 57*995 (O = 10). 

From this the atomic we ight of carbon may be det(Tmiiu*d if that 
of sodium is known. Assuming the latter to be 22*990,^ the atomic 
weight of carbon is 12*003. 

Summary. — ^The mean value for the atomic wx*ight of carbon arrived 
at by Scott in 1897, by summarising and correcting the results obtained 
by the combustion of carbon, w^as 12*0008. Worthy to be placed along- 
side this figure are Hardin’s mean value, 12*0005, Parsons’ value, 
12*007, and Richards and Hoover’s value, 12*003. Taking into account 
the values obtained by the physical method, it would ap})ear that the 
atomic weight of carbon lies between 12*000 and 12*005, the value 
12*003 being perhaps the best compromise. Guye in 1905-6, and 
Braimer in 1908, advocated tlie value 12*002.® 

The figure Avhich ajipcars in the International Table of Atomic 
Weights for 1917 is C = 12*005. 

^ Maumene, Ann. Chim. phy^., 1846, [iii], i 8 , 41. 

* Hardin, J. Amer. Chem. Soc., 1896, i 8 , 990. 

® Parsons, J. Amer. CTiem. Soc., 1904, 26 , 721 ; 1905, 27 , 1204. 

* Scott, Trans. Chem. jS’oc., 1909, 95 , 1200. See also Thorpe, Proc. Chem. 80c., 1909, 
25 , 286. Scott, ibid., 1909, 25 , 286. 

* Scott, Proc. Chem. 80c., 1909, 25 , 310. 

* Richards and Hoover, J. Amer, Chem, Soc,, 1916, 37 , 95. 

’ See discussions in vol. ii of this series. 

* Ouye, J, Chim. phys., 1906, 3 , 321 ; 1906, 4 , 174. Brauner, see Abcgg and Auer- 
bach, Handbveh der anorganischen Chemie, 1909, voL iii, pt. ii, p. 28. 
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COMPOUNDS OF CARBON 

Compounds op^ Carbon with IIydrogkn 


THE HYDROCARBONS 

Carbon forms with hydrogen a large number and variety of com- 
pounds known as hydrocarbons. The existcMiee of thetse many com- 
pounds dtrpcnds on th(^ union of carbon atoms with each othcT, Avhich 
may result in the formation of open-chain or cyclic hydrocarbons. 
Fixamj)les of the latter are : 


HC 

HC 


H 

C 

/\ 


v 

c 

H 

Bonzeno. 

Celle 


CH 

CH 


HC 




c c 

H H 


Naphthalene 

CioHg 



Anthracene. 

C14H10 


Most of the hydrocarbons find a ))Iace only in the study of “ oi'ganic 
clicmistry ; and it will be sullicient here to notice the main types of 
oj)en-chain hydrocarbons, and describe in detail tlie propt rf ies of a few 
typieaJ c;xamples. 

The simplest hydrocarbon is methane or marsh-gas, CH4 ; it is the 
Ih’st re})resentative of a seri(*s of saturated, o})eii-chain hydrocarbons, 


which may be represented thus : 

Methane. Ethane. 

rr(»pane. 

H 

1 

H H 

1 1 

II 11 H 

1 1 1 

n— (A-H 

H— C— C— H 

1 1 

1 1 1 

H— C -C -C— IT, etc., 
i t I 

A 

A A 

1 1 1 

H H H 

or CIIs-H 

C113CH3 

CH3CH2CII3 


have the general formula CnHan+a* known as the paraffin 

hydrocarbons. 

When four or more carbon atoms are pre^nt in the molecule, 
branched chains may occur, with the phenomenon of isomerism. For 
example, there are two hydrocarbons of the formula C4H1Q : 


Normal butane. 
CHgCHaCHgCHa 


Isobutanc. 

CH^CH'CH, 

CH, 
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and iliree of the formula C^IIjj : 

NoniiJiJ p(4itatM‘. Isopoiitaiio. 

CIL,t'II,CII..(!lLCII, CllT-CIICIIaCHa 

'I 

CTI3 

Tetrarn ft h yJ n icthano. 

cu, 

I 

CII3 C Cflj 

I 

CIIj 


The* iiormnl parfifTins eonstiiiitc ati lioiTiolo^ous scries in which is 
shown a f^radation in pliysical prop(Tti(‘s from member to member, 
thus : 




B.P. (Atm. pressure). 

Densit V. 

Normal pe ntane 

II12 

37° C. 

()-627 at 14“ C. 

„ hexane 

Co Hi4 

( 59 ° C. 

O-GaS „ 20“ C. 

„ he])ta,ne 

C7 Hto 

98 ° C. 

0 -6cS;{ „ 20° C. 

„ octane 

^8 ^^18 

125° C. 

0-702 „ 20“ C. 

„ nonane 

C{) 11 20 

1.50° C. 

0-718 „ 20° C. 

„ decane 

Cl oil 2 2 

173° C. 

0-730 „ 20° C. 


The boilin^f-])oiats of tlie normal ])araHins are hij^her than those of 
their isoitiers, c.if. 


Normal butane B.P. 

Isobiitanc* 

Normal })entane „ 

Iso))entanc „ 

Tetrarn ethyl methane „ 


+ rc.) 

- 17 ° C.\ 
;i 7 ° c.) 
31° C. • 

10° c.) 


These difference's may be attributed to the greater compactness 
of th(' braTiched as compared with the imbranched carbon chains. 

Since methylene, CII.>, is unknown, the hydrocarbon cthyhaie, C2II4, 
is the first of the olefine s(*nes, whose general formula is These 

compounds contain two atoms of hydrogen fewe r than the corresponding 
})arafrm hydrocarbe^ns. The two adjacent carbon atoms from each 
of which a hydrogen atom is lacking, are formulated as joined together 
by a doubhi bond. In the case of olefine hydrocarbons containing 
four or more carbon atoms isomerism occurs OAving to the double bond 
occupying different positions. The folloAving are the constitutional 
formulsD for the olefines C2H4, CgHe, and CJIg : 


HC^CH CII3 • CH=CH2 CH3 • CII2 • CH=CH2 

Ethylene. IVopyleno. a-Butyleno. 


CHaCII^CHCHg 


^-Butylene. 


CHoC^CHo 

y-Butylene, 


The olefine hydrocarbons are unsatiirated, ?.<?. they form additive 
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C'<)m})oinids which are parafJin hy(lrf)carh()ns or their derivatives. In 
this process the double bond is ruptured, thus : 

lUC ( Ih, -I CI 2 C]Il2C-CIl2( 1 

Kthyl<‘iic. Ktbylciio 

or syniniotri(‘al dicblorel luirio. 

Acel yl(‘ne, C.H.,, is the iirst of a third series of hydrocarbons, named 
after the first member, and havinf^ tlu* preneral formula C„H2n ~ 2* These 
contain a triple bond and unite with four hydrogen atoms or their 
equivalent, forming paraffin hydrocarbons or their derivatives : 

Acetylene IIC = CH 

Allylene, Methyl-acetyleiu' . . CIl.jC=CH 

Crotonylene, Dimethyl-acetylene . CH3C = CCH3, (tc. 

Isomeric with the acetylenes arc^ the di-olelints, e.g. 

Allene or symmetrical allylene : Cn2~C=CH2. 

01(‘f]ne-acetylenes are known, e.g. (TI^—CH— C^CH, and di- 
acctylcncs, e.g. HC = C— C=CH. 


METHANE 
Formula, CH4 

Occurrence. — There arc apparently three natural sources of methane* : 

(i) marshes, (ii) coal, (iii) petroleum sprijigs. 

(i) The gas-bubbles wdiich arc seen to rise through the water of 
stagnant })ools consists of methane and nitrogen together with a little^ 
oxyge^n and carbon dioxide. The methane is produced by the bacterial 
fermentation of the cellulose of dead plants, and the chemical reaction 
has been represt'uted as follows : 

f oHioOfi + HjO -= ;iCll4 + :3COa. 

(ii) Coal contains adsorbed inethaiic ; and the presence of this gas 
in coal represents a lat(T stage of the same kind of d(‘comj)osition, 
which accounts for its formation in marshes (sec under Coal, p. 59). 

(iii) Indairirnable gas, consisting chiefly of methane, escapes from 
holes in the earth in the neighbourhood of subterranean petroleum. 
Thus, at Baku, on the Caspian Sea, a “ holy fire ” has been burning for 
many centuries. Gas collected at Pittsburg, in the oil district of 
America, is conveyed fifteen miles in pipes and used as fuel ; that at 
Hcathfield, Sussex, contains 94 per cent, of methane and 8 per cent, 
of ethane.^ 

Methane occurring near to petroleum must be considci’cd the most 
volatile part of the petroleum, so that the question of its origin there 
is the same as that of the petroleum itself. 

History. — The escape of combustible gas from the earth is mentioned 
by Pliny, and the outbursts of flame in mines received the attention of 
Basil Valentine. Volta, in 1776, showed that a volume of methane 
required for its combustion four times the volume of oxygen that 
was required by an equal volume of hydrogen, and that it produced 
* Dixon and Bone, Proc. Chem Soc., 1903, 19 , 03. 
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carbon dioxide when l)urnt. In 1785 Jlcrtliollet; proved that the gas 
<;ontaiTied carbon and hydrogen ; and in 1805 WiJliam Henry dis- 
tinguislu'd it fix)nri Mie dc'nsc'r ethylene. 

M(^than(‘ was tluaiec^fortli called li^ht enrhuretted hydrogen^ ethylene 
b(‘iiig licaA y earbnrc‘tl(‘d hydrogen. On account of its formation by 
tlie decay of \’(‘g{'ta])l(; matler in swamps, methane is likewise known 
as marsh-g((s ; and bt'cause it is the cause of explosions in coal-mines 
it is also Q ciWvd fire-damp JJampf —vapour). 

Origin of Petroleum. — Two theoric*s have been proposed to account 
for the origin of jx'troleiim : (i) that it owes its formation to the action 
('f water on carbides ; (ii) that it is formed by the decomposition 
of plant and auinial remains. 

(i) BerLhclot ^ supposcid that acetylides are Ibrmed by the action 
of carbon dioxide on tlie alkali metals at high temf)iTatur(‘, from wdiich 
acc‘tylen(‘ is generated by the action of \vii\cr ; and Mendele(‘JT - assumed 
that subterranean iron carbides have similarly given rise to petroleum. 
Moissan ^ adopt/ d Mendeleeff's view, which apj^ears to be supported 
by the prcsc'ncc of methane in volcanic gases and liquid and solid hydro- 
carbons in la\ a,^ and also by the discovery of occluded hydrocarbons 
in meteorites.^' 

It must b(‘ pointed out, however, that the theory of the production 
of hydrocarbons from inorganic materials postulatc^s the high lem})era- 
turc necessary for the formation of metallic carbides, and that many 
geologists now discard the idea that the earth was once molten. 

(ii) The formation of methane by the decomposition of vegetable 
matter and of various hydrocarbons in the destructive distillation 
of c<^al arc* facts that suggc‘st that petroleum generally owes its origin 
to an organic source. 

Engler distilled fish oil under pressure, and from the crude product 
obtained an illuminating oil, consisting of hydrocarbons and resembling 
kerosene.*'’ Sadtier similarly obtained a mixture of hydrocarbons by 
distilling linseed oil.^ Phillips proved the formation of methane in 
(he slow decay of seaweed^; and Engler cstima,t(‘d from the annual 
catch of he rring on the north coast of Germany that the total petroleum- 
suppl}^ of Cialicia would be produced from fish in about 2500 37^ears.** 
Other possible* sources of p(*troleum are molluscs, radiates, and diatoms. 
The presence; of optically active hydrocarbons in petroleum makes the 
organic source* of this ]U’oduct practically c(‘rtain,^’^ and the occurrence 
of the oil in sedimentar}^ rather than igneous rocks lends further support 
to the same view. There is little doubt, the;r(Tbro, that petroleum owes 
its origin to an animal or vegetable rather than ^ mineral source. 

Synthesis of Methane. — The synthesis of methane from its elements 
at high temperature w^as first announced by Hone and Jordan in 1897, 
l)iit was questioned by Bcrthelot,^- Pring and Hutton,^® and Mayer and 

^ Berthelot, Ann. Chhn. Phys.y 1866, [iv], 9, 481. 

* Mcndolcclf, Ber., 1877, 10, 229. ® Moissan, Compt. rend., 1896, 122, 1462. 

* O. Silvostri, Gazzelta, 1877, 7, 1 ; 1882, 12, 9. 

® Wtihlor, Annalen, 1869, 109, 349. ® Engler, jBer., 1888, 21, 1816. 

’ Sadtier, Proc. Amer. Phil. Soc., 1876, 36, 93. 

« Phillips, Amer. Chem. J., 1894, 16, 427. • Engler, JBcr., 1900, 33, 16. 

P. Walden, Chem. Zeit., 1906, 30, 391, 1165, 1168. 

Bone and Jordan, Tram. Chem. 80 c., 1897, 71, 41. 

Bcrthelot, Compt. rend., 1906, 40, 906 ; Ann. Chim. Phys., 1905, [viii], 6, 183. 

Pring and Hutton, Tram. Chem. 80 c., 1900, 89, 1691. 
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Altmayer.^ Bone and Coward,*'* hoAvcver, reaffirmed the synthesis 
in 1908 , and obtained 73 per cent, of the thcwetical yi(;ld of methane 
by heating less than 0*1 gramme of highly purified sugar-charcoal to 
1 150 ° C. in a current of pure diy hydrogen. These coiielusioiis were snbs(^- 
qucntly upludd by Pring ^ ; and in 1910 Bone and C -oward ^ obf ained 
ov(*r 95 per cent, of the theoretical yield of metliaiie by heating the 
sugar-charcoal in specially prepared porcelain tub(*s througli which 
hydrogen was passed. 

In the paper above referrc‘d to Mayer and Altmayer studi{‘d the 
ecpiilibrium in the presence of a catalyst between carbon, hydrogen, 
and methane represented by the ccpiation : 

C + 2II2 Cil4 
and expressed it as follows : 

KT = — 18,507 + 5 - 9934 , T log T + 0 - 00 ‘ 293 C T® + RT log 

where T — abs. temp., P('U4 and are the partial pressur<,‘s of methane 
and hydrogcai res])ectiv(‘l3% and K— 21-1. Theij’ eonelusion that 
methane cannot be formed from itseh nients at 1200'' C. is not, however, 
in accordance with the facts established by Bout , .Jci’dan, and Coward. 

The synthesis of hydrocarbons at high tcinperalnres and the 
“ methane ecpiililmum ” have been inv(‘stigat(‘d by Bring and Fairlie,^ 
who find that under special conditions at 1200° C. and under 10 to 
60 c.m. pressure of hydrogen the ratio methane to e thylene produced is as 
100 : 1, but that at 1400 ° C. it is as 10 : 1. When hydrogen is heated with 
carbon under a pressure of 30 to 50 atmosphere s, equilibrium is renched 
in two hours at 1200 °-- 1300 ° C., and in fifteen minutes above 1400 ° 

No saturated hydrocarbon but methane is formed between 1100° C!. and 
2100° C., and witli a range of pressure up to 200 atmosjjheres ; and tJie 
relative amount of methane produced increases with pressure aecrording 
to the law of mass action as apjdied to tlie e qual ion (> + 211.2 
CH4. In accordance with these facts metliane might be conveniently 
prepared by synthesis on a large scale by arranging suitable conditions. 

Preparation. — (i) Methane is generally nrepared for hiboratory 
use by heating an acetate with caustic alkali, wuien tiui following reaction 
takes place : 

CK3 COOM + MOH = CII4 4- MgC O3. 

It is usual to enqfioy a mixture of anhydrous sodium acetabi and 
soda-lime ; to heat the mixture in a tube of hard glass or iron, or in 
a copper flask, and to collect the gas over water. Calcium acetate*, 
also, may be heated with lime or baryta. Tin* gas thus ])repared may 
contain as much as 8 per cent, of hydrogen,® as W('J 1 as ethylene. 

(ii) Methane also results from the putrcdactive hydrolysis of calcium 
acetate,’^ thus : 

(C,li302)2Ca -f 2H2O - (COjJUaCa + 2CII4, 

‘ Mayer and Altmayer, Her., 1907, 40 , 21.34. 

2 Bono and Coward, Trans. Chem. iSoc., 1908, 93 , 1975. 

* Bring, Trans. Chem. tioc., 1910, 97 , 498. 

* Bono and Coward, Tram. Chem. Soc., 1910, 97 , 1219. 

® Bring and Fairlio, Trans. Chem. Soc., 1911, 99 , 1790 ; 1912, loi, 91 See atso 
Ipatieff, J. praki. Chem., 1913, [ii}, 87 , 479. 

* Kolbe, Ausfiihrl. Lchrb. Org. Chem., 1854, i, 275. 

’ Hoppo-Seyler, Zeilsch. physiol. Chem., 1887, ii, 5()1. 
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and (iii) fron) thf: decomposition by sunlight of acetone in acetic acid 
solutioji : 

CH^ COCIl, + HgO - CHg- cooil + CH4. 

(iv) M(‘thaiie may prepared by the reduction of chloroform 
(CHCI3) and carbon tetra(!hloride (CCI4). This may be effected by 
passin^^ their vapours together Avith excess of hydrogen through a 
red-hot tube, by luxating the chlorine compound with copper, potassium 
iodide, and water in a tube,^ or by reducing it with potassium amalgam 
in alcoholic solution. 

(v) Methane is obtained by passing tlie vapour of carbon disul- 
phide mixed with water-vapour or hydrogcai sulphide over red-hot iron 
or copper : 

CS2 + -"1120 + 6Cu = CTI4 + 2CU2S + 2CuO 
CS2 “1“ 211 2S -{- 8Cu = CH4 -f- 40112 ^, 

and by reducing carbon disulphide at 120® to 1 40 ® C. with phosplionium 
iodi(k‘. 

(vi) Carbon monoxide and hydrogen yield methane and water wdien 
submit t(!d to the sih nt (‘lectric discharge : 

CO +3II2 -CH4 +II0O. 

A similar action takes place at 250 ® C. under th(‘ catalytic inlluence of 
reduced nickel, and at 850 ® C. carbon dioxide? is reduced in the same way : 

CO2 + iHi -= CII4 + 21120.2 

(vii) Pure methane results from the action of water on zinc methyl, 
thus 

Zn(CH3)2 + 2H2O = Zn(OJI)2 + 2CH4, 
as well as upon magnesium methyl iodide |)repared by Grignard ^ : 

Cllg Mg l + H2O - CH4 + MglOIT. 

(viii) Methane is also obtained by the action of a metallic couple 
on methyl iodide in alcoholic solution. Gladstone and Tribe ^ employed 
a zinc-co])per couple, but Bone and Wheeler^ found that an aluminium- 
mercury couple is more eflicient. The n'action is essentially 

CH3I + 2II = CH4 + III ; 

the methane, however, always contains a little hydrogen, which can 
be got rid of by {passing the gas through a layer of oxidised palladium 
black at 100° C., or by cooling to the temperature of liquid air, when 
methane condenses, but Tiot hydrogen. 

(ix) Still another method of obtaining methane is by the action of 
water on metallic carbides. Aluminium carbide, for example, reacts 
as follows ® : 

AI4C3 + I2II2O = 4 A 1 ( 0 H )3 + 8Cn4. 

1 Berthelot, Ann. Chim. Phyn., 1857, [iii], 51, 48 ; 1858, 53, 69. 

2 See Gautier, Comjd. rend.j 1910, 150, 1564. 

* Grignard, Ann. Chim. Phys.^ 1901, 24, 438. 

* Gladstone and Tribe, Trane. Ghem. Soc., 1884, 45, 154. 

* Bone and Wheolor, tftid., 1902, 8i, 641. 

* Moissan, Qomfi, rend.t 1894, 116 ^ 16* 
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Campbell and Parker ^ have shown tliat methane prepared by this 
reaction contains a little hydrogen, which can be removed by mixing 
the gas with a slight (‘xcess of oxygen and passing the mixture over 
palladium-black. After removal ul‘ the remaining ox 3 "gen by alkaline 
pyrogallol solution, no impurity could be detected in the methane. 

Other carbides, such as those of glucinum, thorium, and uranium, 
yield methane mixed with other h^^droearbons. 

Physical Properties. — Methane is a colourless gas without taste or 
sme ll, and is not poisonous. Its density at 0° C. is 0*557() (air~l), 
whilst that corresponding to the molecular weight (16-03) would be 
0*5539.'^ Conseicpiently methane is slightly more eoin])ressiblc than 
an ideal gas, and its constants for van der Waals’ equation are : 
a ()-00376, b = 0-001557 (Olszewski), or a 0-00357, b == 0-001625 
(Dewar). The mean specific heat betw(‘en IS® and 208® C. is 0-5930,^ 
and the ratio of th(^ two s])eeilic lieats is 1-313.'* Its heat of combustion 
is, according to Thomsen,^ 211,900 calories, and aec.'ordiiig to Berthelot 
and Matignon,^* 213,500 calorics. 

Methane is sliglitly soluble in water, but much more soluble in 
alcohol. Measurements of solubilit}^ have been made by Ihmsen,’ 
Henrich,® Winkk-r,** and Christoff.^® The following cxjuatioiis are given 
by I Ten rich : 

For water . C = 0-05473 — 0-001 2265^ + 0 - 000011959^2 
For alcohol. C -= 0-522745 — 0-00295882/ + 0 - 0000177 / 2 . 

Methane w^as first liquefied by Caillelet in 1877,” and its boiling- 
points at different pre ssures have bc c-n estimated by Wroblewski ^2 and 
Olszewski . *2 The following figures are selected from those given by 
Olszewski : 


Prcissure. 

B.P. C. 

40 atm. 

- 93-3 

n 

- 126-8 

2-24 „ 1 

- 153-8 

100 i 

- 164-0 

80 mni. Ilg. 

- 185-8 

5 ,, ,, 

201-5 


According, however, to Ladenburg and Kriigel iiK-thane boils at 
~ 152-5® under 749 mm. 

^ Can[ii)bcll and Parker, Tram. Chem. Soc., 1913, 103, 1292. 8efi also Hausor, Anal. 
Fis. Quim., 1913, ii, 317. 

2 See also Baume and Perrot, Compi, rend.; 1909, 148, 39. 

® Rcgnault, Mi^m. d. VAcad., 1862, 26, 1. * Capalick, Proc. Roy. Roc., 1893, 54, 101. 

* Thomsen, Per., 1893, 15, 3000. ® Matignon, Ann. Chim, Phys., 1893, lvi|, 30, 555. 

’ Bunsen, Gasomelrische Methoden, 2 Ausgahe, 1877, 214. 

® Henrioh, ZciUch. phyaikol. Chem.f 1892, 9, 435. 

» Winkler, Ber., 1904, 34, 1417. 

Christoff, Zcitsch. phydkal, Chem., 1906, 55, 622. 

Caillotct, Jahresber.y 1877, 221. Wroblewski, Compi. rend., 1884, 99, 136. 

Olszewski, Compt. rend., 1885, 100, 940, 

** liadenburg and Kriigel, Ber., 1899, 32, 1820. 
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The critical temperature and pressure ^ are — 81*8° C. and 54*9 atm. 
(Olszewski), or — 95 - 5 ° C. and 50-0 atrn. (Dewar). According to 
Cardoso/^ however, the critical constants are : critical temj^erature, 
82-85° C. ; critical pressure, 45-GO atm. ; critical density, 0-1628. 

The density ot licpiid rnc'thane at — 164° C. is 0-415 ^ ; solid methane is 
snow-like and inelts at — 184° C. The temperature and pressure at which 
solid, liquid, and gaseous methane co-exist (i,e. the trijde point) have 
been found by Cronimelin^ to be — 188-15° C. and 70 mm. of mercury. 
A previous determination by Olszewski gave — 185*8° C. and 80 mm. 

On account of the large proportion of hydrogen in methane the 
flame of this hydrocarbon is but slightly luminous. Wright ^ found 
that the gas, when burnt in an Argand burner at the rate of 1 cubic foot 
per hour, gave a llauie of 5*2 candle-power, whilst that of coal-gas 
examined at the same time was ecpial to 14-20 candle-power. 

Chemical Properties. — Methane is a saturated hydrocarbon, inca- 
pable of additive n^actions. It undergoes metathesis, however, with 
chlorine, except when perfectly dry, yielding successively methyl 
chloride (CII 3 CI), methylene chloride (CllgClg), chloroform (CHCI 3 ), 
and carbon tetracliloride (CCh|). Fluorine acts upon methane more, 
and bromine less vigorously, than chlorine, but iodine has no action 
upon this hydrocarbon. 

Metliane is very stable towards heat, but various and conflicting 
views hav(‘ been held as to the manner of decomposition of this and 
other simple' hydrocarbons. It has been shown, however, by Bone 
and Coward ’ tliat mcdiiane is decomposed by heat into its elements 
without th(^ production of ethylene, acetylene, etc. ; that deeompositior) 
is inaf)[)recial)Je at 700° C., and that the rate of dcicomposition is about 
sixty times greater at 985° C. than at 785° C. Moreover the decomposi- 
tion took ])laec at the surface of the hot tube tlirough which tlu- gas 
was passed, and the carbon deposited was peculiarly hard and lustrous. 

Methane is decomposed into its elements by eh etrie sparks or by 
the electric arc. According to Berthelot,** howev(‘r, acetyk-ru' and other 
hydrocarbons of high molceular weight ar(^ formed. 

Methane burns in air or oxygen, forming water and carbon dioxide. 
According to rhilli])s ® tlie lowest temperature at which the combustion 
of methane and oxygen can take ])lace, that is when the mixed gases 
are passed over palladiscd asbestos, is 40 1?°-4]4° C. ; but Denham finds 
this t('mperature to lie between 514° C. ajid 546° C. The mechanism 
of the combustion of methane and other hydrocarbons has been studied 
by Bone and Whcelcr.^^ These observers found that the slow reaction 
of methane with oxygen at tem})eratures between 800° C. and 400° C. 
resulted in the simultaneous oxidation of carbon and hydrogen, thus : 
2 CH 4 -f 30 2 = 2 CO -f 411 gO ; but that formaldehyde appeared as 

^ Dewar, Phil Mag.f 1885, [v], l8, 210. 

* ('ardoHo, Arch, Sci. phys. mt., 1913, [iv], 36, 97. 

* Olszewski, Wied, Anncileyi, 1887, 31, 58. 

* CroTumolin, Proc. K, Akad. WetenscJi, Amsterdum,, 1912, 15, 096. 

* Wri,i;ht<, Trans. Chem, Soc.^ 1885, 47, 200. 

® Bono and Coward, ibid.., 1908, 93, li97. 

^ Bono and Coward, he. cit, 

^ Bertholot, Oompt rend., 1898, 126, 507. 

* BhiUips, Amer. Chem. J., 1894, 16, 163 ; soe also Aeitach. amnj. Chem., 1894, 6, 219. 

Denham, J. Soc, Chem. Ind., 1905, 24, 1202. 

Bone and Wheeler, Trans. Chem. Soc., 1902, 81, 541, and 1903, 83, 1074. 
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an intermediate and carbon dioxide as a final product. The following; 
stages of oxidation arc consequently recognised : 

(i) CII 4 +0, =0:CII, 4 -H 2 O; 

(ii) (a) (OrCH^) -J- O^ -- CO, + lIjO, 

(b) 2 ( 0 :CIl 2 ) + O2 = 2C6 + 2U2O. 

Reaction (ii b) may involve the intennediatc production of I'orniic 
acid, thus : 

20 :CH.^ + Oa = 20 :C<^®^* =- 2CO + 2 H., 0 . 

Armstrong ^ has }>ut forward the view tliat th(^ slow oxidation ol‘ n 
hydrocarbon such as methane is a series of hydroxy lations in whi(*h 
water plays a part and hydrogen pe roxide is ])r(>duccd, lliiis : 

CH4 +O2+H0O r . CII3OII +11202 

CH3OII +O2+II2O - CH,(01T)2+IT20.> ; CTIo( 01 I)c- C HgiO -f H O 
CH2(OI1)2+Oo I 1LX)-Cll(bll)3 +IIoOr; CIl(()lI).r-ClI:0011+ll2b 
CH(oir)3 +02+ii2()^c(0H)4 +ii2o“:C(()ii)i - 

Thus gaseous oxidation becomes analogous to oxidalion in thci liijuid 
state. Bone and Andrew ^ have shown, however, that the presence ot 
water is not necessary to the combnstio!) of a hydrocarbon, which 
may be supj)osed to be directly hydroxylated by oxygen. 

When a mixture of methane and oxygen is exploded at constant 
volume and an initial pressure of from 10 to 50 atinosj)heres, th(‘ 
following is the course of the r(‘action : 

CII4 + O2 - Il2C(OH)2 H 2 C :0 + H2O H2 + CO + 1120 . 

The result of the explosion of the mixture (CTI 4 + Og X 2 H 2 ) shows 
that the allinity of meXhane for oxygen in explosions is from twenty to 
thirty times that of hydrogen.^ 

Methane Ibrnis an explosive mixture with air or oxygen. The 
intensity of the explosion increases from zero to a maximum, and 
diminishes again to zero within certain limits. The rates ol‘ propagation 
of the explosion ha^’c Ix'cn studi(*d by Mallard and L(i Chatelier,^ Kmich,^ 
and Parker®; and Teclu^ has found that the limits of cxplosibility ota 
mixture of methane and air are 3-20-3-67 and 7*46-7-88 per cent, of 
methane. Below the lower limit the mixture does not burn ; above 
the higher limit it does not explode. Burrell and Robertson,® however, 
find that the lowest limit for the complete propagation of llame in a 
mixture of methane and air is between 3*75 and 4 per cent, of methane, 
and that the lowest ignition temperature for mixtures of m(‘thanc 
and air is 500° C. 

Estimation of Methane. — ^Since there is no known absorbent for 
methane, this gas is estimated in a gaseous mixture by burning 

^ Armstrong, Trans, Chem. Soc., 1903, 83 , 1088. 

Bone and Andrew, Trana. Chem. Soc.y 1906, 89 , 652. 

® Bono, Davies, Gray, Hemstook, and Dawson, Phil. Tram., 1915, [A], 215 , 275 
^ Le Chatelier, Bull. Soc. ckim.f 1883, [iij, 39 , 373. 

^ Emich, Monatsh., 1898, 19 , 299. 

** Parker, Tram. Chem. Soc., 1915, 107 , 328. 

’ Teclu, J. prakt, Chem., 1907, [iil, 75 , 212. 

* Burrell and Robertson J. 2nd. E7ig. Chem., 1916, 7 , 417. 
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it, and ch tcriniiiing the amount of carbon dioxide produced either 
(a) volunietrically or (h) gravimetricalh^ 

(a) To estiniate the carbon dioxide volunietrically a given volume 
of gas is (‘X])Joded with ('xe(‘ss of air, and tlie volume after (*xplosion 
noted. 1 ’iie. rc'sidual gas is then shaken with caustic potash, and the 
diminution of volinne thus brought about is that of the carbon dioxide, 
which is ccpial to tlie volume of methane originally present. If the 
nudhaiie was mixed with hydrogen the volume of the hydrogen is 
estimatt^d by the hdlowing formula : 

If ci; -- contraeli(ai after explosion 

and y contraction aftcT exposure to potash — volume of mcthaiu', 
volume of hydrogen — 5 (.r ~ 2y). 

According to Bofie and Coward ^ small p(TC(mtages of methane in 
pr(‘senc(‘ of largt' excess of hydrogen cannot be accuratc'ly (\stimated 
by C‘X])losi()n. TIk^ hydrogen may, however, be previously removed 
and c'stimated by absorjjtion in contact with palladium, and also by 
fractional combustion if tin* mix(‘d gases containing excess of ox 3 ^gen 
are pass(‘d ovct palladium sponge or palladium asbestos at 100° C., since 
at this temperature tlu* hydrogen burns, but not the* methanci.^ 

(/>) The carbon dioxide fornuxl by the combustion of methane 
may be (‘stimated gravimetricall^^ after th(‘ mamuT of ultimate organic 
analysis by passing the methane through a tube (‘onlaining reel-hot 
copper oxide, and absorbing the resultitig carbon dioxide in weighed 
potash bulbs after removing the water b}^ calcium chloride. 


EllIYLENE 

l^ormula, C 2 II 4 

History. — Ethylene, Etheru^, Olefiant gas, or Ilc^avy Carburetted 
Hydrogen was first obtained by Bechcr from alcohol by heating it with 
sulphuric acid. It was mentioned by Priestle}^ in his Experiments 
and Observations on Air, but lirst properly studii’d in 1705 by the 
four Dutch chemists, Deimann, Pacts van Troostwyk, Bondt, and 
Lauweren burgh, who observed the oily liquid it produced on combina- 
tion with chlorine. This liipiid, ethylene dichloride, was named Dutch 
liquid from the nationality of its discoviTcrs, and the gas itself was 
called olefiant (i.c. oil-forming) gas b\^ Eourcroy. 

The difference between ethylene and methane was observed by 
Henry in 1 S05, and the denser gas was called heavy carburetted hydrogen 
to distinguish it from methane, which was light carburettc'd hydrogen, 
these two gases being the only hydrocarbons known at that time. 

The name ethylene is derived from the name of the alcohol (ethyl) 
whence it is prepared {cf, propylene from prop^d alcohol) ; and the 
designation ethene is due to the Geneva Convention (1892), which 
applied the suflixes -ane, -ene, -ine in accordance with diminishing 
hydrogen content, thus : 

C.,H 4 C2H2 

Ethane. Ethene. Ethine. 


^ lione and Coward, Tram. Chem. Svc., 1908, 93 , 1979. 
® Hempel, Oas Analysis, Eng. edn,, 1892, p. 135. 
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Formation. 'Ethylene is formed as a product of the dry dislillation 
of many organic substances, c.g, salts of ali]:)haiie acids, fats, resms, 
and coal. 

Synthesis. — EtliyJene has h(‘en syntht‘sised in small quantities from 
its demerits. It has be(‘n found in small (juantities, rarely exc(X‘ding 
1 per cent., among th(‘ jn’oducts of the iub'raction of liydrogt n and 
various Idnds of carbon at temperatures between 1800° C. and 2‘J00° C.^ 
AVlicn, however, the gaseous ])roduets are removed quickly rn)m ihe 
neighbourliood of the heated carbon, and passcxl through cha rcoal cooled 
in liquid air, the formation of ethylene is more marked. At 1200° 
and 10 to GO c.m. pressure th(‘ rate of formation of cthylc iu^ was one- 
hundredth tliat of the methane ; but at higlicT teiujx nitures the 
proportion of ctliylenc increased, till at 1400° C. the volume of the 
ethylene was one-tenth that of the methaiu*.- 

Preparation. — (1) Ethylene is generally prepared by the dehydra- 
tion of ethyl alcohol, the reaction being essentially 

c,i 40 H - ( jr^ + ii.p. 

Zinc chloride, ])h()S})]ioric anhydride, boric anhydride,^ and concen- 
trated sulj)hurie acid have been used as dehydraling agents. In thei 
tiase of sulphuric acid the half ester, known as ethyl sulpliuric acid 
or sulphovinic acid, is first fornmd and then decomposc's, thus : 

CJI5OII + IlO SO.-OH =- CgHsO SOg OIl -f IlgO 

c>i,,os(),()n “ := iioso.oH + C2II4. 

According to the nu'thod of Erlenmeye.*r and Bunte ^ 25 grams of 
alcohol and 150 grammes of conceait rated sulphuric acid are‘ heated in 
a flask of 2 -3 litre's capacity to 1G0° -170° C. and a mixture of 1 part of 
alefohol and 2 of sulphuric acid is droppe’d in. Ethyk'ne is evolved, 
and is washed freim alcohol and ether vapour with concentrated s\ilphuric 
acid, and from sulphur dioxide with caustic soda. Disadv antages of 
this process are charring and frothing, and the oxidation of some of the 
alceihol l.o carbon dioxide with the simultaneous evolution eif sulphur 
dioxide I'reiin the sulphuric acid. Sand is sometime's added to pre'vcnt 
frothing, but, according to J. B. Sendere'us,® it acts also as a catalyst, 
causing the reaction tei jirocc'cd at a lower temperature. Aluminium 
suljihate, howe'ver, is a more effective catalyst. Nejwth ^ has shown 
that syrupy phospheiric acid may advantageously be substituted Ibr 
sulphuric acid, and that a continuous stream of jiure e thylene is ehtained 
by dro])j)ing jilcohol into 50 c.c. of the acid heated until its tempeTature 
attains 200°-220° C. A furthe*r improvement consists in passing alcohol 
vapour through the,* heated phosphoric acid. This may be eflectexl by 
dropping the alcohol slowly from a tap-funnel down a thistle-funnel 
closed with a cork. The alcohol then vaporises in the tubej of the 
thistle-funnel within the generating flask, and blows through its finely 
drawn out point beneath the surface of the phosphoric acid. Or the 
alcohol may be boiled in a separate flask, and its vapour led into the 
phosphoric acid.’^ 

^ Pring, Trans. Chem. Soc., 1910, 97 , 498. 

- Priiig and Fairlie, Trans. Chern. Soc.^ 19J1, 99 , 1796. 

® Villard, Ann. Chim. Phys., 1^(97, fvii], 10 , 1189. 

* Bunte, A7inalen, 1873, 168 , 64 ; 1878, 192 , 224. 

® Senderons, Co^npt. rend,, 1910, 151 , 392 ; see also Kreniann, Monatsh., 1910, 31 , 211. 

^ Newth, Trans. Chem. Soc., 1901, 79 , 915. 

’ Prideaux, Chem. News, 1916, 113 , 277. 
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Other methods of obtaining ethylene arc the following : 

(2) By heating methylene iodide with copper in a sealed tube : 

2CII2T2 “1“ 4Cu ~ 2C1I2I2 C2H4. 

(3) By the action of zinc upon ethylene bromide : 

C2H4Br2 + Zn - ZiiBra + C2H4 ; 
and of sodium on ethylene or ethylidene chloride : 


CII.,- Cl 


CII, 

1 

+ 2Na 

= 1 +2NaCl. 

CII,- Cl 


CH, 

CIICl, 


CII, 

1 

+ 2Na 

- II ■-l-2NaCl. 

CII, 


CII, 


(4) By the action of alcoholic potash or i)otassiiim ethoxide on 
ethyl bromide : 

CHa'CIlgBr + KOIl - C2H4 + KBr + llgO 
CHa ClIaBr + KOC2H5 - C2IJ4 + KBr + CalisOH. 

(5) By the addition of hydrogen to acetylene through the action of 
zinc and ammonia on copj)er acetylide : 

CH CII2 

,ii + 211 = II 

CII CH,. 

(G) By the electrolysis of a concentrated solution of potassium 
succinate ; 

CIT2COOK CH2 

I + 2II2O - II + 2CO2 + 2KOIT + II2. 

CIIaCOOK Clio 

(7) From alcohol and phosphorus, ^ thus ; 

3C2H5OII + 2P - P(01I)3 + PH3 + 3C2H4. 

(8) From carbon monoxide and hydrogen by contact with nickel 
and palladium ^ ; 

CO + 2II2 - HaO + CII2 ; 2Cn2 = C2H4. 

Physical Properties of Ethylene* — ^Ethylene is a colourless gas with 
an ethereal smell. It was first liquefied by Faraday in 1845 at — 1° C. 
under 42 atmospheres pressure. The vapour-pressures at various 
temperatures are thus given by Olszewski ® and Villard * : 

^ Senderons, Compt. rend^j 1907, I4j|» 381, 1109. 

® Orloff, Busa, Phya, Chem. 80 c. t 1908, 40, 1588. 

® Olfizewski, Compt, rend., 1884, 99, 133, 

® Villard, Ann. Chim. Phya,, 1897, [vii], 10, 389* 
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Olszewski. 

j 

Villard. 

Temp. ® C. 

Vapour Prc-ssiire. 

Temp. ° 0. 

1 

1 Vapour Pressure. 

i 

— 150-4 

9-8 mm. 

— 104 

i 

1-0 atm. 

— 132 

5C „ 

-- 60 

7-5 „ 

- Ill 

346 „ 

0 

40-2 „ 

— 103 

750 „ 

+ 9-9 

50-1 „ 

1 


Thus the boiling-point of ethylene at atniospherie pressure is about 
— 104° C. Cardoso and Arni ^ give B.P. — 104-3° C. 

The vapour pressures ^ of ethylene at tein])eratures below its normal 
boiliiig-i)oint may be calculated from the ecpiation 

log 7-433. 

The following critical data for ethylene have been determined by 
different observers : 

Critical Temperature. Critical Preasure. 

Van der Waals ^ . 9*2° C. 58*0 atm. 

Dewar ^ . . . 101° C. 51 0 „ 

Olszewski ^ . . 10 0° C. 51*7 „ 

Cardoso and Arni ^ . 9*50° H- -10° C. 50-65 -1- *10 atm. 

The constants a and h in van der Waals’ equation are for ethylene 
0-00889 and 0-00254 (Dewar or 0-00877 and 0-00251 (Olszewski s) 
respectively. 

The density of gaseous ethylene is 0-9852 (air — 1), whilst the 
density of a perfect gas of molecular weight 28-03 would be 0-9084. 

Liquid ethylene solidifies at 169° C. ; the density ’ of the liquid 
at its boiling-])oint is 0-6095, and at the melting-point 0-6585. 
According to Cailletet and Mathias,® however, liquid ethylene has a 
density of 0-306 at 6-1° C. The cryoscopic constant ® of dry ethylene is 
125, that of the moist compound 118. The specific heat of ethylene 
between 10° C. and 220° C. is 0-4040 ; its heat of combustion is 341,100 

calories (Berth(4ot and Matignon or 333,300 calories (Thomsen ^2). 

Ethylene is slightly soluble in water, but much more soluble in 
alcohol ; Hcnrich expresses its solubility in these two solvents by 
the following equations : 

' Cardoso and Arni, Chim. phys,, 1912, lo, 504. 

* Burrell and Robertson, J, Amer. Ch^m. Soc., 1915, 37 , 1893. 

* Van der Waals, Beibldtterf 1880, 4 , 704. 

* Dewar, Phil, Mag,, 1884. [v], 18 , 210. 

^ Olszewski, Phil, Mag., 1805, 39 , 188. 

® Olszewski, Monatsh., 1887, 8 , 69. 

’ Ladenburg and Kriigel, Ber., 1899, 32 , 1820. 

® Cailletet and Mathias, Compt. rend., 1882, 94 , 1663; 1886, 102 , 1202. 

* Moles, Anal. Fie. Qu\m., 1912, 10 , 131. 

Regnault, Mdm, d. V Acad., 1862, 26 , 1. 

Bertholot and Matignon, Ann, Chim. Phye., 1893, [vi], 30 , 555. 

^ Thomsen, ThemiocSemieche XJrUerauchungen, 1882, ii, 97. 

Henrioh, Zeitsch phyaikal. Chem. 1892, 9 , 435. 
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SoJiihilit}^ of cMiylnic in water at f C. : 

(• 0*25487 — 0*0088812/ j- 0 00017D7/2. 

Solnhiiity ot‘ t tliyleiic in alcoliol at : 

c* - 8*5870 - 0*050158/ 0 0()002800/2. 

Ethylene under pressure forms with water tlu' hydrate C2n4.0H2Od 

Chemical Properties of Ethylene. — T)eco)np(mtlon, — It was shown 
by Didton and Henry that carbon a.nd liydro^en result from passing 
electric sparks through the? gas. Marchand believed that ethylene 
was decomposed into carbon and methane (C2TI4 == C CTT4) at a 
})right red heat, and Buff and Hofmann ^ observed this result when 
a platinum wire was heai(‘d (lectrieally to dull redness in the gas. 
No account, how(‘V(‘r, was takcai by th(‘se observers of intermediate 
j)roduets whi(4i are undoubtedly formed. BcTthclot represented the 
thermal dcicomposition of ethylene thus : 

C2H4 - C2H2 + Ih ; 2C2H4 ^ C2He + C2TI2, 

acetylene being the uUimale <i(‘eoinj)osition jjroduet — ^wliether CH4 , 
Cm^Hq, or ('2X14 is decomposed — which subsequently polymcaises to 
benzeru', e tc. Le wes ® represented the decomposition thus : 8C^2H4 ~ 
2C2H2 H- 2CH4 ; but the views of Bone and Coward ’ differ somewhat 
from any of the; forc‘going. 

Ac(!ordiiig to tlu*se observeTs the primary edfecd of high temperature 
upon (thylene is to (dirninate hydrogeai and simidtaneously loose n the 

double* beind ” b('twce?n the* carbon atejins, so tliat the re‘siducs : CdTg 
anel : CH have a momentary existe‘nce. These re sidues may then 
e‘ithe.*r (a) fenan edhylene' or acetyle'iie, (h) break elown into carbon and 
hydrogen, e>r (e) be* hyelroge nised to metliane*, thus : 

P (o) C 2H2 + Rg 

HoC : CIL. 2( CH) +H2 ]--> (b) 2C + Hg + H.> 

(c) CgHg 4 8H2 - 2CH4. 

Bone and Cowarel e.)bscrved the generation e)f brown vapours which 
condensed to a viscous tar when e thylene at a jn'cssurc of 805 mm. 
circulated threnigh a tube at 570*^- 580° C, These products were comple^x, 
but consisted of aromatic hydrocarbons formed by the polymerisation 
of acetylene or : CH residues. 

Polymerisation, — Ethylene polymerises at high temperature and 
pressure in 2)resencc of catalysts. The product is a coinj^lex mixture 
containing pentane, isojxaitane, hexane, ethyicnic hydrocarbons, and 
naphthenes.® 

Additive Reactions, — As an unstiturated hydrocarbon ethylene is 
capable of numerous additive redactions. It combines wuth hydrogen 
to form ethane (CgHg) under the catalytic influence of platinum-black 

1 Villard, Anv, Chim. Phys., 1897, [vii], ii, 289. 

® Dalton, Neu) System, pt. i, 1808, i, pp. 440, 447 ; Phil. Tram,, 1809, 99 , 446. 

* Marchand, J. pralt. Chem., 18.39, 36 , 478. 

* BufI and Hofmann, Annalen, 1860, 113 , 129. 

® Bcrthelot, series of papers in Ann. Chim. Phys., 186,3-1869. 

l^owes, Proc. Hoy. Soc.; 1894, 55 , 90 ; 1896, 57 , 394. 

’ Bone and Coward, Trans. Chern. Soc., 1008, 93 , 1201. 

® IpaticfT and llutala, Ber,, 1913, 46 , 1748. 
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at atnu)S])h('ric temperature ^ ; and finely divided nickel produces an 
almost qnantitativ^e yield of elhane at C.^ Ethylene unites 

directly with elilorine, bromine, and iodine 1 o form the eoiTespondiu![»' 
dihaJicies (('2II4N2), and also with NOg, S.^Clg, and SOg. It combine^ 
with llBr and III at 100^ C., but not with llCl, foriniu^r Cgll^Br and CgH,I 
respecti\’ely. It unites with concentrated snl]>huri<’, acid, slowly al 
atmosplieric tenij^ieratiire, quickly at 160 ° 17 I°C., forming cthyl-sul]*huric 
or siilphovinic acid, CgHsIISO^ ; with fuming sulphuric acid it 
ClIgOSOgH 

forms cthionic acid, | or its anhydride, carliyl -sulphate, 

CIIoSO,!!, 

CTIgO-SOg. 

I ^O. Fuming sulphuric acid is used for the absori)tion 

ClIgSOg / 

of (‘thylene in gas analysis. 

Chiorosulphonic acid (Ci'SOgll) produces isetliionyl chloride, 
CU,‘ Ci ^CllgOIT \ 

I which yields isethionic acid I | J witli water, 

til 2 • SO3H, VCHa • SO3H J 

dig Cl 

TTyjioeldorous acid forms glycol monochlorhydrin, | and 

(llgOIl, 

1‘uming nitric acid yields ethylene nitrate, C2ll4(N.205). Although water 
does not combine directly with (thylene to produce ethyl alcohol, 
the latt(‘r may be obtaiiuxl by hydrolysing the additive compound 
with sul}dmric or nitric acid. 

There is e\'idencc of the exist(*nce of an oxonium compound ^ with 
CII3V yCTlg 
methyl ether, I 

CII3/ "'('IT.. 

Ethylene forms the following double compounds with salts : 
Cgll^.FctBr.g, CgH^.PtBr.g, C.2H4.2KCI; and the following compounds 
with mercuric salts * : 

(1) Etheiic mercury salts, CTTg : CH*IIgX. 

(2) Ethanol mercury salts, IIO-CHa-CIlg* llgX. 

(; 3 ) Ethylcthcr mercury salts, 0(CIl2-CH2*irgX)2. 

( 4 ) Polymerised cthene mercury salts (Cll.g : CH*]rgX)„. 

It is supposed that the saturated compound XCIIa'CHg’IIgX 
is first formed, and then that it loses IIX (1), or undergoes hydro- 
lysis (2), which may be followed by condensation (6). 

Ethylene also forms an unstable compound ^ with cuprous chloride : 
CgH^.CuCl. 

Oxidation. — Through the car(;ful oxidation of ethylene by cold 

dilute permanganate solution ethylene glycol is produced : 

CHg CHgOH 

II -f HgO + O 1 

CII2 CHgOH. 

^ Be Wilde, Ber., 1874, 7, 354. 

2 Sabatier and Sonderens, Cornpt. rend., 1897, X24, 616, 1358, 1904; 1900, 131, 267. 

® Baumo and Gerrnann, Cornpt. rend., 1911, 153, 669. 

^ Hofmann and Sand, Ber., 1900, 33, n}40. 

® Manchot and Brandt, AnnaUn, 1909, 370, 286. 
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More vigorous oxidation by pcTmanganic, chromic, or nitric acid 
produces formic, acelic, and oxalic acids, and carbon dioxide. 

Cowhustion of Efhylcne ojid of Jlydrocarhons in general, — Ethyleiu" 
burns witli a flame of considcralfle luminosity. This is e(]ual, accoiding 
to Fraiikland,^ to 08*5 candles when the gas is burnt at the rate of 
5 cubic fe('t ji(‘r hour, that of methane b(Mng eqjial to only about 5 
candles. Elliylene is the cliicf cause of the luminosity oi’ coal-gas, 
in which it is pr(;sent to the extent of 2-5 per cent. 

There are tlirc e possible views of the manner of combustion of a 
hydrocarbon : (i)t}ie preferential combustion of hydrogen with the conse- 
(puait separation of carbon ; (ii) the preferential combustion of carbon 
Avith formation of (('() + II 2 ) ^ (*”) I^c combustion of the hydrocarbon 
as a whole without previous dissociation or ])rcferential combustion. 

The first view, although it survived till 1892, has been discredited. 
To disprove it, it is suflicient to show^ that the outer zone of a hydro- 
carbon flame contains burning hydrogen, and that the interconal pari: 
of a Bunsen flame consists chiefly of hydrogen and carbon monoxide. 

The second view was held by Dalton,^ was put forward again by 
Kersten in 1861,^ was reinforced by Smitliells and Ingle in 1892, and 
was reviv(‘d by Misteli^ in 1905. 

The third view, which is the outcome of the researcdies of Boih^ and 
his co-workers, and to which reference is made under methane, may 
now be noticed. 

Much of this work has been concerned with the slow combustion 
of hydrocarbons below their temperatures of ignition, but in a paper 
on the “ Explosive Combustion of Hydrocarbons ” Bone and Drugman ® 
contend that the initial changes are the same whether they take place 
below or above the temperature of ignition of the gas. 

Bone and Wheeler ^ conclude that the combustion of a hydrocarbon 
is a process of hydroxylation, and that “ oxygen initially* enters the 
hydrocarbon and is distributed betAveen the carbon and hydrogen, 
giving rise to unstable hydroxylated molecules which, sooner or later, 
according to the rapidity of the process, undiTgo thermal decompositions 
into simpler }>roducts.” 

The combustion of ethylene is accordingly represented by the 
following scheme ; 

HCMI IICOH 


H OH 

0:C0H -> 0:C0II 

co~+ c67 + 11 ^ 

(2) (3) (4) 

’ Frankland, Trans. Chem. Soc., 188.5, 47 , 238. 

2 Dalton, New System, 1808, vol. i, 437, 444. 

Kersten, J. praJd. Ghent., 1861, 84 , 310. 

• Smithells and Tnglo, Trans. Chem. Soc... 1892, 61 , 204. 

® Mistoli, J Qaabeleuchtung, 1905, 48 , 802. 

• Bono and Drugman, Trans. Chem. Soc., 1906, 89 , 678. 

’ Bone and Wheeler, Trans. Chem. 80 c., 1904, 85 , 1637. 


HCIl IICH 

^ ( 1 ) 

IICOII { H 

II -> 2 . 

IICOH (O.CH 

coTh^ 

(2a) (2ft) 
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So the stages are : (1) vinyl alcohol, (2) formaldehyde, (3) formic 
acid, (4) carbonic acid — the three latter substances yielding as sc'eondaiy 
products carbon monoxide, Jiydrogen, carbon dioxide, and water. 
Formaldehyde is regarded as tlu' most promiiuait intermediate oxidation 
product. 

No separation of carbon, such as takes place in ordinary hydrocarbon 
flanu s. is provided for in tlie above s(‘heme. This separation takes place 
only wh(m the supply of oxygen is insullieicait to burn the ethykaic 
to formakhdiyde ; then there result from i, hernial decomposition 
carbon, hydrogen, medhanc, and traces of aceiylenc*. Thus th(,‘ lumi- 
nosity of a llamc is still to be accounted for by the liberation of carbon 
consequent upon the thermal decom]>osition of its hydrocarbon gases : 
but side by side with this decomjiosilion the reaeiions estalilished by 
Bone and his co-workers take place. 

Estimation of Ethylene. — The amount of ethylene in a gaseous 
mixture is easily (‘stimated by taking advantage of one of the additive 
reactions of which this gas is capable. Since fuming suljihurie acid 
so readily absorbs this gas, the latter is estimatc'd by the loss of volume 
the gaseous mixture undergoes in contact with the acid. 

ACETYI.ENE 
Formula, C 2 D 2 

Acetylene or Kthiiu' was discovered by Edmund Davy ^ in 1830, 
but was first investigated by Berthelot,- to whom the name Acetylene 
is due. Borthc lot produced this gas synthetically by striking the 
electric arc between carbon poles in an atmosphere of hydrogen : 

2C + II 2 - lie : cii. 

Bone and Jordan ^ have investigated this action and find that 
methane and ethane are also produced, so that when cqnilibi’inm is 
attained the issuing gas has the following apjiroximate composition : 

Hydrogen ..... 90-91 per cent. 

Acetylene . . . . .7-8 „ 

Methane . . . . .1*25 „ 

Ethane 0-7.5 

They are of opinion that these hydrocarbons arc produced syntheti(?filly 
and independently, so that the acetylene docs not result from the 
thermal decomposition of the other hydrocarbons. 

It was further shown by Berthelot ® that acetylene is produced when 
ethylene or the vapour of alcohol is passed through a red-hot tubf^, 
and also by the action of electric sparks on methane, ethylene, or a 
mixture of cyanogen and hydrogen. The formation of acetylene from 
ethylene by the action of heat has been confirmed by Bone and Coward,® 
but the same observers have shown that methane does not produce 
acetylene by thermal decomposition. 

^ Davy, B.A, Reports, 1836, p 62. 

* Berthelot, Ann, Chim. Ph/s., 1869, [iii], 57 , 82. 

® Berthelot, Ann, Chim. Phys„ 1868, [iv], 13 , 143. 

* Bone and Jordan, Trans, Chem, Soc,, 1^1, 79 , 1042. 

® Berthelot, Ann, Chim. Phys., 1863, [iii], 67 , 62 ; 1866, [iv], 9 , 413 ; 1868, [ivj, 13 , 143. 

* Bone and Coward, Trans, Chem. 80 c., 1008, 93 , 1201. 
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Preparation* — Acetylene is IV>rined when a Bunsen burner ‘‘ strikes 
back ” and burns at the? base, At the same time a peculiar and penc- 
tratiripr odour is suu‘lt which, although not due to accdyleiic itself, serves 
to draw attejition (o tint improper l>urning of the coal-gas. It is usual 
to attribute this production of aeetyleiu? to the imperli‘et combustion 
of tlK‘ hydrocarbons present in the coal-gas, but it is probable that this 
gas is produced by the thermal dissociation of t'thylene, and then escapes 
into the air owing to imperfect combustion. 

It was first observed by Wohler in 18(32 ^ that acetylene is formed 
by the action of Avatcr on calcium carbide : 

CaC. -f 2 H 2 O = Ca(OH )2 + 

The carbide was j^repared on a larg(‘ scale by Willson in 1892, and 
independently by Moissari ^ slightly later, by heating together lime and 
charcoal in the elecdricj furnace. “ Carbide ” is now an important article 
of commere(t owing lo the employment of acetylene as an illurninant. 
It is prepared l)v In ating limestone with eok(' or small coal in an electric 
furnace, and contains as impurities calcium sul])hide, })hos[)hide, aTid 
silicide, and magnc'sium nitride, as av(‘ 11 as tlu^ silicides of carbon and 
iron and also graphite. The acetylene gcuu'ratc'd from this carbide 
consequcTitly contains hydrogen suljdiide, j)hos{)hine, ammonia, and 
otln.T impuriti(js ; and these are got rid of by absorption in water 
and oxidation by bh'aehing powder and other reagents. 

Acetyhuu? is formed by removing HBr from c;thyleJie dibromide by 
boiling it with alcohol ])otash,^ just as ethylem* is obtained from ethyl 
bromide. 

llBr is reitiovc'd Ironi the dibroniidc it) two stages, thus : 

+ KOH = (’.llgHr + KHr + n„0 
C'lIaBr + KOH - C JIj. + KBr + H"0. 

Sodium abstriicls chlorine from chloroform yielding acetylem; : 

‘.'('IICI 3 + GNa - C^IIg + GNaCl. 


Electrolysis of solutions of the iilkali suits of maleic and fmnaric 
acids proiluces acetylciK', just as electrolysis of alkali succinate yields 
ethylene : 

CHCOOH CII 


:ncoon 


III + 2CO, + II,. 
CH 


*The silver Siilt of acetylene dicarboxylic acid is decornposcid by hot 
water, yielding silver acetylide and carbon dioxide : 


C-COOAg 

HI 

CCOOAa 


CAg 

111 +2CO,: 

CAg 


and from silver acetylide pure acetylene is obtained by the action of 
acid. 

Physical Properties* — Pure acetylene is a colourless gas with an 
ethereal smell. It is licpicficd more easily than ethylene or methane, 


' Wohler, Annalen, 1862, 124 , 267. 

Momsan, Compt. rend., 1892, 115 , 1031. 
* Sawit‘^<'h, Jahresber., 1861, p. 646. 



CARBON AND ITS COMPOUNDS 88 

and was first obtained in the liquid state by Caillctet ^ in 1877. The 
\ apour-prcssiircs of solid and liquid acetyJei^e at various tem[)eratures 
have been determined by Ansdell,^ Villard/'* Kueiu‘n,^ and McIntosh.^ 
Some of the values deteriuiued by Yillard, with which those of Kiienen 
and Meintosli are in close agreement, are : 


Temp. ° C. 

Vapour Pressure. 

i Tomp. “ C. 

Vapour JVossiiro. 

— 90 

0-G9 atm. (solid) 

! - 40 

7*7 atm. 

~ 85 1 

1*00 (solid) 

! 0 

2()05 

- 81 

1*25 „ (M.P.) 

! 11 •.'5 

34*8 „ 

— 70 1 

! 

2*22 „ (liquid) 

i 2()-2 

42*8 „ 


It is noteworthy that at the melting-point of solid acctyleue (~ 81‘^) 
the vapour-pressure is ecpial to 1*25 atmosphere, and that at — 85^^ 
solid acetylene vapourises at atmospheric pressure. That is to say, 
solid acetylene, like solid arsenic, for instance, sublimes when heated 
under atmospheric pressure, and can only be melted under greater 
pressure. When liquid acetylene (‘vaporates in the air it solidifies to 
a snowlike mass. 

According to Ladenburg and Krug<d ® the sublimation temperature 
of acetylene is — 82‘4<° C., and according to McIntosh — 88*()° C. at 
700 mm. pressure. This latter obs(‘Tver found — 81 -S'" C. at 895 mm. 
to be the triple point at which solid, liquid, and gaseous acc'tylene can 
co-(?xist in equilibrium. 

The critical data according to Villard (1), Kuenen (2), and McIntosh 


(8) are ; 

(1) (2) (3) 

Critical pressure in atm, . 63*1 61*0 01*0 

„ temperature ° C. . 35*0 35*25 86*5 

„ volume ... — — 83 c.c. 


According to Mathias * the critical temperature is 37*05° C. and the 
critical density 0*2310, but Cardoso and Baume find critical tempera- 
ture 35*5° C. and critical j^ressure 01*5 atm.® 

The constants for van der Waals’ equation are : a = 0*0880 ; 
5 - 0*00230. 

The density of acetylene under normal conditions is 0*92 (air 1), 
the theoretical value l>eing 0*8988 ; the ratio of the specific lu ats ; 

^ 1*20 ; the molecular heat of vaporisation for liquid acetylene 

at — 81*2° C. = 5080 calofies ; for solid acetylene at — 83*0° C. ~ 5490 
calories. 

^ C'lilletet, Gompt, rend.^ 1877, 85, 851. 

» Ansddl, Proc, Roy Soc,, 1879, 29, 209. 

* \'illard, Conipt. rend,, 1895, 120, 12(52. 

* Kuonen, Zeitsch. physikal Chem., 1897, 24, (5(57. 

* McIntosh, J. Physical Chem., 1907, ii, 307. 

® Ladenburg and Kriigol, Ber,, 1900, 33, (538. 

’ McIntosh, J, Physical Chem,, 1907, ii, 307. 

® Mathias, Compt. rend., 1909, 148, 1102. 

® Cardoso and Baume, Compt. rend., 1910, 151, 141, 

A® Maneuvrier and Fournier, Compt. rend., 1897, 224, 183. 
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'the density of Jiqnid acetylene at -- 80*’ C. is ()-G13, and of the solid 
at the same' t('inp(Tatiire ()‘72d Thus the moh'cnlar volume of liquid 
a(^(‘tvlen(.‘ is 42. and this value supports tlic acjctylidene formula 
C:Cll^ of Net. 

Qji tlu.‘ ol lu r liand, Mathews ^ has shown ])hysical reasons for reject- 
ijii^ lh<‘ acc'l yJid(‘ne formula in favour of the more usual and symmetric 
formula (HI : CII. 

Idle iu‘at of combustion of acetylene, according to Thomsen,® is 
81 (),()5() calories ; and this value subtracted from the sum of the heats 
of formation of water and carbon dioxide (262,280) gives — 47,770 
calories, as th(^ heat of formation of acetylene. 

Her t helot and Matignon ^ obtained the values 815,700 and — 58,000 
calories and Mixter 818,800 and — 51,400 calories, r(‘speetively. 

Soluhility of Acetylene , — Acetylene is more soluble in water and other 
solvents tlian ethylene, and much more soluble than methane. One 
volume of >vatcr dissolves about 1*1 vol. of acetylene at atmospheric 
temperatur(! ; and tluj following coeOieients are givcji by Winkler ® : 


0" c:. 

. 1*73 

10" c. 

1*31 

20 " c. 

. 1 03 

30" C. 

. 0*84 


At low temperniurc^ acetykaic forms with water the crystalline 
hydrate ('2112 • OllgO,’ whose dissociation pressure is as follows : 

Temperature, ° C. .0 7 15 

Dissociation pressure . 5*75 12 33 atm. 

Acetylene is much more soluble in organic solvents such as methyl 
and e thyl alcohol, ethyl acc‘tate and acetone, than it is in water. Alcohol 
dissolv(\s about six times its volume of acetylene, and acetone twenty- 
five limes its volume at 15" C. and atmospheric pressure, and 300 times 
its volume under a pressure of 12 atmosph(‘res.® These facts are 
made us(‘ oi‘ for the storage of acetylene as an illuminant. At — 80" C. 
acetone dissolves 2000-2500 its volume of acetylene, and thereby 
expands to four or live limes its original volume.*^ 

A solution of acetylene in benzene shows a normal molecular weight 
cryoseopieally.^^' Acetylene forms ciystalline compounds with alcohol, 
ether, and ae(‘tone.^^ Palladium-black and colloidal palladium adsorb 
acetylene. 

Chemical Properties. — In common with many endothermic com- 
pounds acctyhme is liable to explosive decomposition. The cxplosibility 

^ MeIntoKh, J. Physical Chcm.y 1907, ll, 300. 

- Mathews, ,7. Physical Cheni., 1913, 17, 183, 320. 

® U’homsen, Thermochemische V ntersachnngen (Dr, 3 , Trauhe), ICnke, (Stuttgart), 1900, 
p. 293. 

* Brrthclot and Matignon, Ann. Chim. Phys., 1893, [vi], 30, 655. 

® Mixter, A^ner. J. Sci. (Sill.), 1901, [iv], 12, ,347. 

® Winkler, Zeitsch. physikal Chem., 1906, 55, 352. 

’ Villard. Compt. rend., 1895, 120, 1262. 

* Claude and lies.*?, Oompt. rend., 1897, 124, 626. 

® Claudts Compl. rend., 1899. 128, 303 ,* d’Arsonval, Compt. rend., 1901, 133, 980; see 
also James, J. I ml. Eng. Ch/em., 1913, 5, 115. 

Oarelli and Falciola, AUi R. Acc^. Lined, 1904, [v], 13, i, 115. 

Molntosli, J Physical Ohem , 1907, xi, 307. 

w Paal and Hohenegger, Per., 1910, 43, 2684, 2692 ; 1913, 46, 12a 
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of this gas has been studied by Berthclot ^ in conjunction with Vicillc *** 
and IjC Chatclicr.^ Under ordinary atmospheric pressure acetylene 
is not exploded by a red-hot wire, or by mercury fulminat(‘, but 
towards two atmospheres it becomes explosive*, and car])oii s(‘parates 
from it in the form of fine soot. It is coiise(piently forbidden in this 
and some other countries to store acetyh iie under a pressure of more 
than 100 inches of water over atmospheric j)ressure ; it may, however, 
be safely compressed in contact with acetone. 

Decomposition. — At ordinary tt'inperalure acetylc'iie undergoes very 
slow spontaneous decomposition. Rapid decomposition s<‘ts in at 780'’ 
and in the presence of eo])]>er powder, as a catalyst, at 400'^-500'^ C. 
The thermal d(‘Composition of acetylene has been studied by Bone and 
Coward,® who find that the primary effect of heat upon t his gas may be 
one of pol3Tnerisatioii or dissolution according to tempcTaturc*. Polj^- 
merisation produces tarry matter containing bcnz('iK‘, (‘tc. ; dissolution 
separates the residues (:CH), which may s])lit into Iluir (‘hanents or 
become hydrogenised, yielding methane. At tlic same tinu' ('th^dene 
and (dhane ma}'^ be formed at low temperatures by the union of liberated 
hydrogen with acetylene. 

The following scheme represents the thermal decomposition of 
acet^dene : 

( (a) 2C + IL, 

nC: CH = 2 ( : CII) = 

i {(h) 2( : CII) + 3IL> = 2CI4 

polymerisation 

The tendency of acetylene to polymerise reaches a maximum betw(‘(ii 
600° and 700° C.,and rapidly diminishes towards 1000° C., above which 
temperature the gaseous product consists of hydrogen with a little 
methane. The products of polymerisation are ver}^ complex. Meyer 
and Tanzen ® have identified no iewer than seventeen coal-tar constituents 
amongst the pyrogenetic condensation-products of accdylene. 

Sunlight, the silent el(x*tric discharge, platinurn-ldack, and finely 
divided iron, nickel, and cobalt promote |K)lymerisation, which may take 
place even at atmospheric temperature. 

According to Tschitschibabin ’ acetylene uiKh rgoes three principiil 
kinds of reaction in presence of different catalysts : 

(i) Local decomposition into carbon and hydrogen, accornpanit'd 

by polymerisation to aromatic hydrocarbons : 

(ii) Condensation to solid hydrocarbons ; 

(iii) Hydrogenation of acetylene and aromatic hydrocarbons, 

with the formation of hydrocarbons of the parallin, olefine, 

and cyclic series. 

When acetylene and ammonia are passed over alumina, ferric oxide, 

^ BertheJot, CompL rend., 1881, 93, 616- 

^ Vieillo, Compt. rend., 1897, 124, 1000 ; 1899, 128, 777, 

* Le Chatelier, Compt. rend., 1899, 129, 427. 

* Erdmann and Kothner, Zeitsch. anorg. Ohem., 1898, 18, 48 

* Bone and Coward, Trans, Chem Soc., 1908, 93, 1203. 

® Meyer and Tanzen, Ber., 1912, 45, 1609 ; 1913, 46, 3183. 

’ Tsohitschibabin, J. Buss. Phys. Chem. 80 c,, 1916, 47, 703. 
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or chromic oxide, heated slightly above 300° C., pyridine bases result 
thus : 

2C,H, + NH3 = C.HjN + 113 

(pyrrole) 

3 CJ 1 , +NII3 - CJI7N+H2 

(picolinc— 
methy 1-pyrid ine) 

4 C„Il 2 +NIT3 = CsIIijN 

(methyl-ethyl -pyridine) 

Sulphur may be incorporat(*<l within tlic molecule by the use of hydrogen 
sulphide or sulpliur vapour ; thus thiophene, C4H4S, or its homologucs 
may be produced. 

Such reactions will account for the presence of heterocyclic com- 
pounds containing nitrogen and sulphur among the products of the dry 
distillation of natural petroleum if this is derived from a mineral source. 

Additive Reactions. — One molecule of acetylene can combine with 
2 and with 4 hydrogen atoms or tlu'ir equivalent, forming respectively 
ethylene and ethane or tla ir derivatives. 

Nascent hydrogen, or hydrogen gas through the catalytic agency 
of platinum-black or finely divided nickel,^ converts acetylene into 
ethylene and ethane : 

CH H2 CH2 IL CHo 

ill — 11 — > I 

CH CHj CII3. 

Platinum-black induces these reactions at atmospheric temperature, 
ethane resulting when there is excess of hydrogen, cthyhme when excess 
of acetylene. When finely divided nickel is employed at 180 ® C. or above, 
polymerisation accompanies addition of hydrogen, and the products 
resemble natural petroleum. 

The halogens combine with acetylene with decreasing readiness from 
chlorine to iodine, giving rise to halogen derivatives of ethylene and 
ethane. 

Acetylene combines with chlorine, sometimes with explosive viol^*"*" 
forming acetylene dichloride or dichlorethyler nfq . r\{r 
acetylene tetrachloride or tetrad ilorethane, CIK- 

to Mouncyrat ^ a mixture of chlorine and acc' ed 

to diffused daylight, forms acetylene tetrachloi^ at ex^, m, 

but the presence of oxygen or of a gas capah’ liberating oxygen 
causes an exy)losion. Acetylene forms witjf -.I5 the crystalli/c 
compound CgTIg.SbCls, which on heating jo.ngoses into C2H2CI2 
and SbClg. (^havanne ^ states that acetylene dichloride consists of 
two isomerides separable by fractional jistillation, and boiling at 
49 ® C. and 60 * 2 ® C. f 

With bromine acetylene forms C.,H2Bif2 Cgll^Br^; with iodine 
C2II2I2, known in two stiTcoisomeric forms.'^ Acetylene slowly 
absorl>s halogen hydracid, HX, producing! CH 2 : CHX and CH^'CHXg; 
and when sparked with nitrogen forms HCN. 

^ Sabatier and Senderens, Compt, revtl., 1900, 131, 40 ; 1902, 134, 1186. 

• Mouiieyrat, BuU. 80 c. chim , 1898, [iiij, 19, 461. 

• Chavanno, Compt. rend., 1912, 154, 776. 

• Keiser, Amer, Chem. J., 1899, 21, 261. 
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Acetylene combines with cuprous chloride to form the white solids 
CjjH2.CuC 1 and C 2 H 2 ‘ 2 CuCL The former substance is soluble in 
water, but is obtained from absolute alcoholic solution at 0^ C.^ 

Water combines with acetylene under the influence of catalysts to 
form acetaldehyde : 

( II i CH + iigO = cri^ ciio. 

Cbncentratcd sulphuric acid slowly absorbs acetyJc'ne, formirijj the 
sul])honic acid Cglla’SOgH, which by hydrolysis yields acetaid(*hyde, 
and also its condensation product crotonaldehyde ^ : 

2CTT .• CH 2C2ll3 S03H-> 2CIl3 CII(3-> CII. CII : CH CIlO + HgO. 

Mercuric oxide, bromide, and other salts an^ also eflicient catalysts, 
producing aldehyde in the cold. 

Halacetylenes, — Substituted, as distinct iVoin additive, halogen 
derivatives of acetylene are known. Monoeliloracctylcnc, CCl : ('H, 
is an explosive gas obtainc'd by the action ol’ l)aryta on diehloracrylic 
acid, CCL,: CTI- coon. Monobromaeetylene, CBr i CII, obtained by 
the action of alcoholic pot ash on acetylene di bromide, ClTBr : CHBr, 
is a spontaneously inllammabh* gas. Mono-iodoacetykaie, CT : CH, is 
obtained by boiling the potassium salt of iodopropiolic acid, 
Cl : CH’COOK, with water. All threes halogen derivatives can also 
be obtained by the ([(‘composition of the corrt'S])onding halogen propiolic 
acids. 

The mercuric derivatives Hg(C : CCl ) 2 and Hg(C : CBr )2 have been 
prepared.^ 

Symmetrical di-iodoacetylenc. Cl ; Cl, formed ^vhen iodine acts 
on silver acetylide, decomposes at 78° C. Asymmetrical di-iodo- 
acetylenc. Cl 2 ; C, containing bivalent carbon, is said to be formed 
by the action of sodium hypoiodite on a('etylenc.* According to Biltz,® 
however, there is no ground for assuming the existence of asym- 
m(^trical “ acetyli(l< u(‘ ” derivatives, tliere being thus only one iodine 
derivative, viz. Cl : Cl. 

Action of AcetyUne on Metals, — ^Purc, moist acetylene attacks nickel 
and copper, and the crude, moist gas attacks zinc, lead, brass, nickel, 
phosphor-bronze, and copper. Copper is attacked rapidly, showing 
an increase in weight of 80 to 90 per cent, in six months. The product 
is black and non-explosive, and does not give acetylene with acids. In 
consequence of this action acetylene should not be brought in contact 
with copper tubes, but tubes conveying it should be tinned.® 

Metallic Derivatives of Acetylene, — The proportion of carbon to 
hydrogen in acetylene is so large that this hydrocarbon behaves as a 
feeble acid. It is not, however, sufficiently ionised in aqueous solution 
to show an acid reaction, its strength being only about l/4000th that 
of carbonic acid, and its ionisation 1/lOth that of water.’ In conse- 
quence of this property salts of acetylene can be prepared in presence 
of water only when they are insoluble and may thus be precipitated ; 

* Manchot, Withers, and Oltrogffo, Annahn, 1912. 387 257 

* Schrooter, Annafeny 1898, 303 , 114. 

* Hofmann and Kirmreuther, Ber,^ 1909. 42 , 4232. 

* Sabanejeff, Annateriy 1875. 178 , 118. 

» Biltz, Ber., 1913. 46 , 143. 

® Eeckleben and Scheiber, Chem. ZeiLy 1915, 39 , 42. 

’ Billitzer. Zeitscfi. physical. Gficm.y 1902, 40 , 536. 
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otherwise they will be hydrolysed by water, and must be prepared 
in the dry way. Thus calcium carbide, prepared in the dry way, is 
liydrolysed into base* and acid in the familiar preparation of acetylene : 
CaCa -i- - Ca(OII)2 f ('21^2* Nevertheless the increase in the 

solubility of ace tylene in water brought about by t}i(,‘ addition of alkali 
may indicate the* formation of smaiJ quantities of salts in solution.^ 
Alkali and alkaline earth carbides are formed when acetylene is pass('d 
into solutions of the metals in liquid ammonia, ix, into sohdions of 
metabammoniums {c.g, Na.NIl3).2 Hydrogen carbides are first formed, 
e.g, C’gllNa, or more probably CgNag-Cgllg, the liberated hydrogen 
converting some of the acc'tylene into ethyhaie, thus : 

SCglla + 2NaNIl3 = + 2NII3 + C2H4. 

The following compounds have thus be(‘n obtained : 

CgNag.CJIa; C2K2.C2II2; C2Li2.C2II2.2NH3 ; C2Ca.C2H2.4NH3. 

All these comi)ounds decompose when heated, leaving the (carbides 
CgNag, CgKg, C2Li2, CgCa. The mohcular conductivity of NallCg in 
liquid ammonia is of the same order as that of sodium acetate.® 

Insoluble silver and cuprous acetylides (or carbides) — CgAgs and 
CgCug — are jwceipitated when acetylene is led into ammoniacal solutions 
of silver and cuprous salts. These compounds give off acetylene 
on tr(‘atment with acids, but are ex])losive when dry. The formation 
of cuprous ac(4ylid(‘, which is dark r(‘d, serves as a tc‘st for acetylene gas. 
The most sensitive* cuprous solution for this tc‘st is made by saturating 
copper sulphate solution with sodium chloride, warming, and adding 
sodium hydrogen sul])hite until the green colour disapjx ars. A few 
drops of ammonia incn'asc the sensitiveness of the reagent.^ 

Mercuric acet3didc, C2Hg, is formed when acetylene is ])assed into 
an alkaline solution of mercuric oxid(‘, but accl^denc reacts with an 
aueous solution of mercuric chloride, thus ^ ; 

0 

I; — H + 8IICI. 

1 

C(HgCl)3 

The trichlormercuric acetaldehyde is a prc‘ci])itate which is decom- 
posed by concentrated hydrochloric acid into aldehyde and mercuric 
chloride. This reaction explains the catalytic action of mercuric salts 
in bringing about the conversion of acetylene into aldehyde. A mixture 
of magnesium acetylide and allylide is formed when magnesium powder 
reacts with acetylene at 450° C.® 

Oxidation of Acetylene, — Acetylene is oxidised to acetic acid when 
it is passed through solutions of hydrogen peroxide, persulphuric acid, 
permonosulphuric acid, or a salt of one of these acids in presence of 

A Billitzcr, Zoc, cH. 

® Moissaii, Cornet, rciul., 1898, 127, 911 

® Skossarewsky, Compt. rend,^ 1914, 15 Q, 769. 

* Llorons, Anal. Fis. Quim., 1912, xo, 199; also 1913, ii, 320. 

6 K. A. Hofmann, Ber., 1898, 31, 2212, 2783 ; 1904, 37, 4469. Biltz and Mumm, 
Ben, 1904, 37, 4417. 

• Novik, Ber., 1909, 42, 4209. 
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mercury or a mercury compound.^ It may also be oxidised to acetic 
acid clectroly tical ly . ^ 

Combustion of Acetylene. — Acetylene ignites in contact with air at 
480® C., and may be set fire to by means of r(.‘d-hot carbonaceous matter. 
It burns with a flame which when suitably regulated is white and 
intense. The lurninosit}^ of acetylene when burnt at the rate of 5 cubic 
feet per hour is equal to 240 candle-power, while that of coal-gas equals 
from 14 to 18 candle-power. In order to burn acetylene without separa- 
tion of carbon s])ecial burners have been constructed, in which the gas 
issues from two nozzles so made that air mixes with it as in the Bunsen 
burn(‘r. The two jets of gas then impinge' uf)on each othc'i* obliqiu'ly, 
and produce a small, intense flame which doc*s not smoke. The tempera- 
ture of the acetylene flame is higher than that of coal-gas, and the 
temjx'rature of the oxy-acetylenc blowpipe' flame ap})roximatcs to 
that of the electric arc (3500® C.). The oxy-acc tylc'iie flaunt is used 
for tht' autogenous welding of steel and the cutting of steel plates. 

Acetylene requires about twelve times its volume' of air for ee)m])](‘tc 
combustion, and shows a wider range of ex})losibility when mix(;d with 
ifir than any other gas, since mixtures containing between 3 and 82 
per cent, of acetylene exj)lode.^ 

The slow combustion of acetylene has been studied by Bone and 
Andrew.'* I'he se; observers find that interaction between acetylene and 
oxygen, sealed up together in a gla.ss vesse l at atmosplieric temp(*rature, 
be gins at 250® C., proceeds rapidly at 300® C., and becomes e^xplosive 
from 350® to 375° C. The pre)C('ss of combustie)n of acetylene is essentially 
similar to that of methane, ethane, and ethylene, and consists ))rimarily 
in the incorporation e)f oxygen within the molecule' rather than the 
I)referentia.l oxidation of e ither carbon or hydrogen. The whole process 
is represented by the following sche'ine : 

CII ^COIl\ CO-flIC:0 H0C:0 HOC:0 
CH^VCOHy H H OH 

(2CO +ll^) CO + H, CO + H.O CO 2 + 11,0 

1 2 3 4 

The se|:)aration of carbon, which occurs in an acetylene flame, is 
not a part of the process of combustion of this hydrocarbon, but is due 
to thermal decomposition of an excess over that re^quired by the equation 
C2II2 + O2 == 2 CO + II2. 

Hot porcelain promotes the catalytic formation of acetalelehyele, 
thus : 

CH ^ OH _ /CH OH\ ^ Clio 
CH H V CH, / CH, 

which may then produce CH 4 + CO. 

There is no polymerisation to benzene in the presence of oxygen 
below the ignition-point. 

^ Farbenfabriken vorm. F. Bayer & Co. (French Patent 407,515), J. Soc. Chetn. 
Ind., 1914, 33, BSO 

* Ibid. (French Patent 467.778), J. Soc. Chem. Ind., 1914, 33 , 830. 

* Clowes, B.A. Report, 1896 ; see also Delepine, Eighth Inter. Cong. App Chem., 1912, 

4 , 26. 

* Bone and Andrew, Trans. Chem. 8oc.t 1905, 87 , 1232. 
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Physiological Action of Acetylene —Acetyls u' is much less poisonous 
than carbon monoxide*, and even less poisonous than coal-i^as. Tliis is 
because the compound it forms with Jia*rnoi,dobin is unstable and easily 
decomposed by aeration. 

Estimation of Acetylene. — Ace.tylene mjiy bc^ estimated gravirnetric- 
ally by eausin^r it to react with ammoniacal cuprous solution, collecting? 
the ])recipitated cuprous acetylide, CgCiig, and converting this into the 
sulpliide, C'ugS, whicli is weighed. It may also be estimated volumetric- 
ally by titrating the nitric acid produced in the reaction ^ : 

CJJ, -h 3AgN03 ^ C^Ag^.AgNOg + 2 HNO 3 ; 

and gasometrically by absorbing it in a solution of ammoniacal silver 
chloride,^ in which ethylene is almost insoluble. 

COAL-GAS 

History. — Coal-gas was first described by SUphen Hales in 1726, 
and first mamifa(;tured by William Murdock at lte(iruth, Cornwall, in 
1792. In 1798 Murdock lighted with gas tlu* foundry of Messrs. Boulton 
and VV'all at Soho, Birmingham, and in 1802 tlu; Peace of Amiens was 
cel(‘brated by an illumination in tlie same place. In 1803-4 a Moravian 
named Winsor demonstrated gas-lighting at the Lyc(‘um in Piccadilly ; 
in 1808 Murdock lighted Messrs. Phillips and Lc‘e’s cotton-mill at Man- 
chester with gas ; in 1807 part of Pall IMall was similarly lighted ; in 
the following year a gas c()m})any was incorporated in London, and 
the lighting of the c.apital with gas became gc'ueral in 1812, whilst in 
1 81 5 the publication of Accum’s Practical Treatise on Gas Lighting marked 
the full establishment of the gas industry. Paris was first lighted with 
gas in the lattc'r year. 

The chemical investigation of coal-gas was carried out by Dr. 
William Henry, and the development of pkint is largely due to Samuc*! 
Clcffg. 

Destructive Distillation of Coal. — The n.atiirc of the products of the 
destructive distillation of bituminous coal, in absence of air, depends 
largely uj)on the temperature at which the process is carried out. 
When such coal is heated to 450'^“500° C. it yields gas and oily vapours 
consisting chiefly of paraflin hydrocarbons. Between 700° and 800° C. 
the r(*sidue evolves more gas consisting chiefly of hydrogen. Further 
heating of the paraflin hydrocarbons decomposes them into hydrogen 
and methane, togf'ther witli some ethane and ethylene ; whilst contact 
of these gases with the hot retort causes further splitting off of hydrogen 
and condensation of the nuclei into benzene, toluene, naphthalene, 
and anthracene, which are contained in the tar. Thus the raising of 
the temperature promotes more and more dissociation of hydrocarbons, 
the final result of which would be complete separation into carbon and 
hydrogen. 

Some of the nitrogen of the coal remains in the coke, some appears 
as pyridine; and quinoline in the tar, the rest as ammonia in ammoniacal 
li(]uor, as hydrocyanic acid and free nitrogen. 

The oxygen of the coal is converted into steam, which condenses 

' Ohevastelon, Gompt. rend., 1897, 125, 246. 

* Tucker and Moody, J Amer. Ctiem, Soc.y 1901, 23, 671. 
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with ammonia as ammoniacal liquor or apj)cars as CO or COg ; some 
of the sulphur remains in the coke, the rest forms volatile compounds 
which condense in the tar or appear as CSg or II gS, some of which 
combines ^vith ammonia in the ammoniacal licpior and some remains in 
the ^a,s. 

The Frocesfi of Carbonisation. — The retorts in which tlie coal is heated 
were originally made of iron, but are now of fire-clay. When horizontal 
they are O-shaped, 20 ft. long and 21 X 16 in. in cross-section, and 
hold a charge of 11 cwt., which fills the n tort to the deptli of 14 in. 
The number of retorts in a furnace may vary from two to eighteen ; 
they arc* heated by producer gas, and carbonisation takes about twelve 
hours, the temperature of the retort rising to 1100^^ C., though the 
interior of the charge does not reach this tem])erature. A ton of 
Newcastle* coal yields 12,500 cubic feet of gas and 110 It), of tar, 
which on distillation leavers 77 lb. of pitch, whilst the? ammoniacal 
liquor yields 7 lb. of ammonia. The remaining coke is 65-70 per cent, 
of the coal. 

The retorts may be closed at one end or open so as to admit of 
charging from both cmds ; sometimes they arc inclined at an angle of 
with the horizontal, so that coal is introduced at the* toy) and coke 
removed at the bottom. Sometimes the reports are vertical and are 
comy)k*tely filled with coal, so that the hot surface* to which the gas is 
exposed is reduced to a minimum, and the quality of thci gas maintained 
by the ])r(‘V(iition of an excessive y)roduction of tar. 

With the* eontinuous employment of canncl and richly bituminous 
coal the* av.Milable supj)li(*s of these varieti(*s gradually diminished, 
until, about 1890, it became customary to enrich the gas made from the 
poorer kinds of coal by adding carburetted water-gas, i.e. wat(‘r-gas 
containing vaj)orised rninc*ral oil, and also to increase the yield of gas 
at the exi)ense of illuminating power by the enqiloyment of a high(*r 
temperature of carbonisation, and then to comjiensatc by oil-c‘nrichment. 

About this time the incandescent gas mantle was introduced, 
and the need for gas of high illuminating y)ower ceased. Consc*qiK*ntly 
the addition of carburetted water-gas to coal-gas has largely been 
discontinued, and in cases where this gas is still employed it possesses 
ap|)roximately the same illuminating power as tlu* coal-gas. 

Products of Destructive Distillation. — The volatik? })roducts from the 
coal pass from the retold: by a wid(‘ y)ipc, bent twice and leading vertically 
dov'n wards to the hydraulic main, where by j)artial cooling imperfect 
separation into the three following constituents take place : 

(i) imy)urc: coal-gas, 

(ii) ammoniacal liquor, 

(iii) tar. 

The ammoniacal liquor forms an aqu<*ous layer above the tar, and 
consists of an aqueous solution of ammonia., hydroge n sulphide, and 
carbon dioxide. From it most of the ammonia of commerce is pr('})ared, 
\vhilst from the tar many important and complex “ coal-tar products 
are obtained. 

The crude coal-gas still, however, contains ammonia, tar, siilpliur 
compounds and other substances, from which it is purified by a series 
of operations. 
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Purification of Coal-^gas. — When it leaves the hydraulic main the 
gas has a lein])c rature of about C., and contains besides tar the 

h)lIowing impurities, which must be removed : 

Ammonia . . . 0 * 70 -l *40 per cent, by volume. 

Hydrogen cyanide . . 0 * 05-()*15 „ ,, 

Sulphuretted hydrogen . 0*9 - 1*70 „ „ 

Carbon disulphi<i(i . . 0 * 02 “ 0'()4 ,, ,, 

The gas is coole d by passage through a series of vertical tubular 
condofsers, which may be cooled with water. ll('rc much of the remain- 
ing tar is condensed, though sometimes there is a special tar-extractor, 
where the remaining particles of this substance, which constitute 
“ tar-fog,” are removed mechanically. The elhcient extraction of 
nai)hthalene at this stage is very important. The gas next passes 
through the exhauster, which is a pump by which the pressure and 
consequent flow of the gas are regulated. Then follow the scrubbers, 
which arc towers filled with broken bricks, coke, or slanting boards. 
Down these towers water is sprayed to meet the up-coming gas and 
remove from it the last traces of ammonia. At the same time some 
sul]diurettc‘d hydrogen and carbon dioxide are removed and form 
ammonium sulphide and carbonate. Mechanical rotary washers have 
now largely replaced the scrubbers. Owing, however, to the trouble 
of recovering ammonia from dilute solution, processes for the direct 
absorption of this gas by acid, without the intermediate formation of 
ammoniaeal liquor, are now being introduced. 

Extraction of Cyanide, — The extraction of cyanide from coal-gas 
is a comparatively recent industry rendered important by the demand 
for cyanides in gold-mining, and also by the recognition of the corrosive 
action of hydrocyanic acid on iron and steel. 

Cyanide is extracted in the form eitlu-r of ferrocyanide or thio- 
cyanate by one or other of the following processes : 

(i) Ferroeyankh* ])rocess (Bucb) : Previous to entering the scrubbers 
for removal of ammonia the gas reacts with ferrous sulphate solu- 
tion or ferrous sulphide suspended in water, ferrocyanides being 
produced as follows ; 

FeS -f (5NH4CN === (NH4)2S + (NIl4)4Fe(CN)e 
FeS + 2NH4CN = + Fc(CN)2 

2FeS + 6NII4CN = 2(NH4)2S -f 

Sometimes the gas reacts with alkali and ferrous carbonate and 
liydroxidc, hydrogeri sulphide being at the same time absorbi-d. 
(Foulis process). 

(ii) Thiocyanate process : 

(a) British Cyanides Co. ; The gas passes through ammoniaeal 
liquor containing suspended sulphur, whereby ammonium 
l)olysulphide and thiocyanate are successively produced ; 
the sulphur may, however, be derived from rhoist spent 
oxide (Williams); 

(NH4)2S (in gas liquor) -f S == 

(b) P, E. Williams ( 1909 ) : 

(NIT 4)28 (in crude gas) S (in moist spent oxide) == (NH4)2S2 

[{a) and (6)] (NH4)2S2 + NH4CN = (NHJjS + NH4CNS. 
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Removal of Sulphuretted Hydrogen. — Sulphuretted hydrog(‘n is 
removed from coal-gas by a dry absorption iriethod. Tht^ absorbent 
may be : (i) lime ; (ii) ferric oxide, as Irish or Dutch bog ore, preci- 
pitated hydroxide, or “ Lux ” from bauxite ; (iii) mangaiu^se clioxidc, 
as Weldon mud. Ferric oxide is the most gen(‘j*al absorbent, and is 
most active when precipitated. It is placed on wooden grids contained, 
in a series of cast-iron boxes or piLrifierfi^ through which the gas passes ; 
and the following reactions take place : 

FC2O3.H2O + SUgS -= FcgSg + 4H2O 
and FC 2 O 3 .II 2 O + 3 H 2 S = 2 FeS + S f ^HgO. 

When the oxide is “ spent,” it is removed from the purifiers, moistened, 
and exposed to the air, so that oxidation takes place as follows : 

2Fe2S3 + 30o 2Fe203 + GS 

4FeS + 30; = 2 Fe 203 + 4S, 

and thus the “ si)ent oxide ” becomes “ revivified.” 

The revivified oxide is used ov^er and over again, whilst sulphur 
accumulates within it until 50™G() per cent, is present. It is tluai 
employed for the manufacture of sulphuric acid. Sometimes a little 
air is added to the coal-gas previous to the absorption of sul}}hu- 
retted hydrogen, in ord(?r that oxidation may proceed simultaneously. 
In this way the ferric oxide lasts longer without recpiiring to be 
changed. 

As it leaves the purifiers the gas should not discolour a strij) of lead 
acetate paper when passed for three minutes through a vessel containing 
it. The gas will then contain not more than one volume of sulphuretted 
hydrogen in ten million. 

Removal of Carbon Disulphide. — Carbon disulpliide vapour present 
in coal-gas is not absorbed by oxide of iron, and its removal, though 
desirable, is not always carried out. The only known absorbent for 
carbon disulphide is calcium hydrosulphide, which is produced from 
slaked lime when the latter is employed to remove sulphuretted hydrogen 
from the gas. The reactions may be represented as follows, calcium 
thiocarbonatc being formed : 

Ca(OII )2 + 2 H 2 S == Ca(SII )2 + 2 H 2 O 
Ca(SH)2 + CSg = CaCS3 + IlgS. 

Calcium thiocarbonatc is an objectionable and almost useless by- 
product, and on this account the process is often omitted. 

An alternative process for eliminating carbon disulphide consists 
in passing the coal-gas at 230° C. over fire-clay surfaces impregnated 
with metallic nickel. The following reaction takes place with the 
hydrogen of the coal-gas : 

CS2 + 2H2 = 21128 + c. 

The hydrogen sulphide thus produced is absorbed by ferric oxide, and 
the carbon can be burned off from the nickel surface, which is thus 
renewed for further use.^ 

After purification the gas passes through the meter-house to the 
holders, whence it is distributed to the consumers. 


‘ Clowes, J. Soc. Ghem. Ind.^ 1916, 35, 581 . 
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Composition of CoaLgas. — The composition of coal-gas varies with 
the kind of enal (TnploycMJ and the sort of retort in which it is heated. 
Tile following ligiires are typical : 




Ordinary Bituminous (\)al.^ 


Average 






Composition. 





Horizontal 

Vertical 



Retorts 

Retorts 

Hydrogen, j)er cent. 

430-550 

440-52'0 

48-0-57*0 

]\I(‘thanc 

25()-350 

270~300 

26 0-32 0 

Carbon monoxid(‘ 

40-1 10 

6 ()- 10-0 

6-0 12-0 

T J nsa 1 1 irated hy dro( “ar 1 )ons 

2-5- 5*0 

8 0- 4*5 

2-5- 4-0 

Nitrogen 

20-120 

3-0-100 

2 0 - 6-0 

Carbon dioxide 

0*0- 3*0 

1*5 - 3 0 

10- 3-0 

Oxygen 

0 * 0 - 1*5 

01 - 0-8 

0 0- 0-3 


CARBON AND THE HALOGENS 
CARBON HALIDES 

Numerous halides of carbon arc theoretically capable of existence. 
Not only may successive hydrogen atoms of the many hydrocarbons 
be replaced by halogen atoms to form substitution derivatives, each 
seri(‘s of which ends in a carbon halid(‘, but mixed halide derivatives 
may also exist. The formation of halogcai dca’ivatives of mcdhanc by 
substitution, viz. the series of compounds CH 3 CI, CllgClg, CHCI 3 , CCI 4 , 
has already been noticed, as well as that of additive compounds, such 
as C 2 H 4 CI 2 tmd C 2 II 2 CI 4 , by ethylene and acetylene resjieetivcly. 

Thcj present study will be limited to halides containing a single 
carbon atom, i.e. to the four compounds CE4, CCI4, CBr4, CI4. 

Carbon Tetrafluoride {Tetrafluoromethane), CF4. — Fluorine is the 
only halogen that will unite readily with carbon. Moissan ^ has shown 
that in fluorine gas purified lampblack becomes incandescent, and 
wood -charcoal takes fire spontaneously, but that it is lu^ccssary to 
heat the denser forms of amorphous carbon to 50°-100° C. to induce 
combination ; whilst graphite and gas-carbon react with fluorine only 
at a red heat, and diamond is unaffected at any temperature. 

Carbon tetrafluoride results from the substitution of fluorine for 
hydrogen or halogen in methane or any of its halogen substitution 
products, but is best prepared by passing the vapour of carbon tetra- 
chloride over silver fluoride heated in a metallic tube to 195^-200° C. 
Carbon tetrafluoride is a gas at ordinary temperatures and pressures ; 
it is liquefied at 20 ° C. under four atmospheres, and at — 15° C. under 
one atmosphere pressure. It is slightly soluble in water, and very soluble 
in alcohol and ether ; it reacts with the silica of heated glass, thus : 

CF4 + SiOjj = CO2 + SiF4, 

Tho figures that follow, and some other information in this section, are derived from 
lectures on ** Chemistry in lias Works,” delivered by W. J. A. Butterfield before the 
Institute of Chemistry (1913), ® Moissan, Gompt. rend.t 1890, no, 276 
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and with heated sodium forms fluoride with separation of carbon. It is 
absorbed by alcoholic potash, being gradually cofi verted into a niixture 
of ])otassium fluoride and carbonate.^ 

It is noteworthy that no compl(‘X aeid, ILXT’g, analogous to llgSiFg, 
has been described ; and index'd that carbon tetrall noride, like the 
tetrachloride, is unacted on by water. 

Carbon Tetrachloride {Tetrachloroinethane)^ CCI 4 . Preparation , — 
Cttrbon tetrachloride is the final chlorination ):>roduct of methane, but 
it is generally prepared by the action of chloriru* on carbon disulphide 
through the catalytic agency of a clilorine-carritT. Thus Hofmann ^ 
dissolved antimony trichloride in carbon disnlj)hide, and passc^d dry 
chlorine through the solution. TThc trichloride became pcntachloride, 
which then reacted with the carbon disulphide, thus : 

CS 2 + 2 SbCl 5 = CCI 4 + 2 SbCl 3 + 2 S. 

Other catalysts which may be employed arc* cliloride of bromine,'^ 
chloride of iodine,^ phos])horiis pcntachloride,^ molybdenum peiita- 
chloridc,^ and aluminium chloride.'^ 

Carbon tetrachlojhle is also ])rcpared in several ways by the action 
of chlorine on carbon in th(‘ ele ctric furnace.® 

Physical Properties, — Carbon tctrachh)ridc is a colonrlcjss liquid 
which smells like chloroform ; it does not mix with \vater, thougli it 
appe^ars to form an unstable hydrate ; it dissolves in many organic 
liquids, and is itself a use^fnl solvent. The properties of mixtures of 
ethyl alcohol, carbon t('trachlorid(‘, and water have been examined by 
T. il. Hill.® Its density at 0 ® C. is 1*5947,^® and at 32-5'^ C. is 1 *50834 ; 

its boiling-point is 76*05° C. at 760 mm. pressure.^^ The critical tempera- 
ture is 282*51° C., and the critical pressure 57*57 atm.^® The specific 
heat of liquid carbon tetrachloride rises from ()* 2 () 1 () at 0 ° C. to 0*2031 
at 70° C. ; that of the v a] 3 our falls from 0*140 at 0 ° C. to 0*115 at 
70° C.^^ Solid carbon tetrachloride is trirnorphoiis,^^ thcnnelting-points 
of the three modifications being —28*0° C., —23*77° C., — 21 * 2 ° C. 
The depression constant, when camphor or ethyl btaizoate is used as 
solute, is found to be 47 or 48. 

Chemical Projjeriies, — When ilie vapour of carbon tetrachloride is 
passed through a red-hot tube chlorine is split off and the compounds 
C 2 CI 4 and CgClg result. From the latter compound, hexaclilorethaiie, 
trichloracetic acid is formed by aqueous hydrolysis in the presence of 

^ Moissan, Compt. rend., 1890, no, 951. 

® Hofmann, J. Chem. Soc., 1801, 14 , 62. 

® Muller and Crum]is, Ckem. Neu%% 1860, 356 , 154. Weber, BuU. Soc, chim.t 1867, 

[ii] , 7 , 487. Morel, Com.pt. rend.y J877, 84 , 1460. 

* Friedol and Silva, Bull. Soc. chim., 1872, fii], 17 , 537. 

® Rathke, Techn. Jahreaber., 1870, p. 57. « Aronheim, Bcr., 1876, 9 , 1788. 

^ Hentschel, «/. prakt. Chcm.j 1877, [ii], 36 , 306. Mouneyrat, Bull. Soc. ckim., 1898, 

[iii] , 19 , 202. Breteau, J. Pharm chim.y 1908, fvi], 28 , 110. 

® Machalske and Lyon, ,/. Soc, Chem, Ind., 1903, 22 , 1298 ; Maclialake, ('hem. Zentr., 
1904y I, 1069; Machalske and Darlinsrton, J. Soc. Chem. Ind.^ 1906, 25 , 559; Matthews 
and Darlington, ibid., 1906, 25 , 559 ; Mavwald, ibid., 1907, 26 , 1253. 

» Hill, Tram. Chem. Soc., 1912, loi, 2467. 

Thorpe, Trans. Chem. Soc., 1880, 37 , 141. 

Joseph, Trans. Chem. Soc., 1915, 107 , 1. 

Moles, Anal. Fis. Quim., 1912, 10 , 30. 

Hannay, Proc. Roy. Soc., 1880, 30 , 183 ; J882. 33 , 319. 

Mills and MacRae, J. Physical Chem , 191 1 , 15 , 54. 

Tammann, Wied. Anmlen, 1898, 66 , 489. 



S6 CARBON AND ITS ALLIES 

sunlight, and this is reduced by nascent hydrogen to acetic acid. Since 
carbon tetrachloride (;ar\ be obtained from its elcmcuits by way of carbon 
disulphide, t his c(>m])ound marks a stage in the synthesis of acetic acid. 

Chemically, carbon tetrachloride is the chloride of the hypothetical 
orthoearbonic acid, C(OH) 4 , just as the analogous silicon compound is 
tlu* chloride of orthosilicic acid, Si(OII) 4 . Although carbon tetra- 
chloride, unlike the silicon halide and acid chlorides in general, is not 
attacked by water at atmosj)heric temperature, this halide is capable 
of some reactions which reveal its relation to carbonic acid. When 
heated with oxygcai and water under pressure at 250° C. it yields 
phosgene gas, COClg, and carbon dioxide, COg, and a similar change 
is brought about by certain acidic oxides,^ e.g, : 

I2CCL + l\0. = COCL + CO2 + 2POCI3 
iaCCl^ + 2P2O3 =: 3CO2 + 4POCI3 
CCI4 + 2SO3 = COCL, + S2O5CI2. 

When hc^at<‘d with alcoholic potash carbon tcitrachloride is com- 
phitely hydrolysed, yielding carbonate and chloride, thus : 

CCI 4 + 6 KOH - K 2 CO 3 -f 4KC1 -f BllaO. 

It reacts with acetylene, with liberation of finely divided carbon, thus : 

CCI 4 + 2 C 2 II 2 == 5C -I- 4IIC1. 

Its vapour readily chlorinates various oxides, and may on this account 
be used in mineral analysis.^ 

Carbon Tetrabromide {Tetrahromomethane), CBr 4 . — Carbon tetra- 
brornide is prepared similarly to the chloride by the action of bromine 
on carbon disulphide, iodine being in this case the; halogen-carrier. A 
mixture ^ of 2 parts of carbon bisulphide, 14 parts of bromine, and 
3 parts of iodine is heated in a sealed tube for forty-eight hours at 
250° C., and the product distilled when cold with sodium hydroxide 
solution. Carbon tetrabromide is a solid, and crystallises from alcohol 
in white, glistening tablets having an ethereal smell ; it has a density 
of 3*42, melts at 92*5° C., and boils under atmospheric pressure with 
partial decomposition at 189*5° C., whilst under 50 mm. pressure the 
boiling-point is 101 ° C. 

Solid carbon tetrabromide exists in two enantiotropic forms, the 
transition temperature between which is 46°--47° C,^ 

Carbon TtttBioAiA!e[Tetraiodomethane), Cl 4 . — This compound results 
from the interchange of chlorine and iodine when carbon tetrachloride 
reacts wuth aluminium ® or boron ® iodide. It may be prepared by 
dropping a solution of the tetrachloride in carbon bisulphide on to 
aluminium iodide at 0 ° C. : 

8 CCI 4 + 4 AII 3 = 4 AICI 3 + 3 CI 4 . 

Lantenois ’ prepares this compound by heating lithium iodide with 
excess of carbon tetrachloride in a vacuum in a scaled tubeat90°~92° C. 

^ Gustavson, Jahresber., 1872, p. 216. 

® Camboulivo'ij, Compt rend,, 1910, 150, 175, 221. 

® Boias and Groves, Trans. Chem. 80 c,, 1870, 23, 164, 161 ; 1871, 24, 773. 

* Schwartz: Eoozeboom, PhaseMtre 1901, i, 127. Rothmund, Zeitsch. physikal. 
Chem., 1899, 29, 664. 

® Gustavson, Compt. rend , 1874, 78, 882. 

* Moissan, Compt, rend., 1891, 113, 19. ’ Lantenois, Compt. rend., 1913, 156, 1386. 
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for five days. The best solvents for carbon tetraiodide are benzene, 
acetone, and carbon disulphide. It crystallises in dark red, regular 
octahedra, having a density of 4*32. When exposed to air it begins to 
decompose, prodneing carbon dioxide and iodine ; it has no m(*lting-point, 
but from 50° C. onwards decomposes into its clemc‘nts. Carbon tetra- 
iodide is attacked by hydrogen at 100 ° C., the chief ])roduet being 
iodoform; alcoholic potassium hydroxide at 30°-t0° C. also produces 
iodoform. Oxygen forms carbonyl iodide with liberation of iodine even 
in the dark. Carbon tetraiodide is estimated by means of its reaction 
with 20 per cent, sih^cr nitrate solution, carbon monoxide and dioxide 
being evolved in thc' proportion of 3 to I by volume.^ 

CARBON OX YH ABIDES 

Just as the carbon tetrahalidcs, CX 4 , may be regarded as the halides 
— or the halanhydrides — of orthocarbonic acid, C(OII) 4 , so the oxy- 
halides, COXg are tlu; halides of metacarbonic acid, CO(OH) 2 . 

Carbon Oxychloride {Carbonyl Chloride^ Phosgene), COClg. — The name 
phosgene was given to this gas by J. Davy,'-* who in 1811 obscawed its 
generation by the action of light upon a mixture in equal volumes of 
carbon monoxide and clilorinc. This ]3hcnomenon is analogous to 
that of the union of hydrogen and chlorine under the infiuence of 
light ; the union of carbon monoxide and chlorine has, however, this 
advantage, that it is accom])anied by a diminution of volume at constant 
pressure, or of pressure at constant volume ; consequently the coursci 
of the reaction can be conveniently traced. 

It was observed by Bunsen and Roscoe ® that whem a mixture of 
hydrogen and chlorine is exposed to light the amount of hydrogen 
chloride produced per unit time increases for a certain j^eriod, al'tor 
which the rate of combination becomes pro[)ortional to the amount of 
gas remaining uncombined ; and to the action during this preliminary 
period these' observers gave the name “ photoch('mical induction.” 

Dyson and Harden ^ observed a similar phenomenon with carbon 
monoxide and chlorine, and attributed it to the specific action of light 
on chlorine ; and Chapman and Gee ® came to a similar conclusion, 
though the interpretation they gave of the induction process is quite 
different from that of Bunsen and Roscoe. These observers have foiind 
that small quantities of nitric oxide, ozone, and nitrogen chloride inhibit 
the photochemical action, Le. extend the period of so-called “ induction,” 
during which this action is slow, and almost entirely prevent it. 
Thus they attribute photochemical action to the use chlorine can 
make of absorbed and transformed light energy to effect union 
with carbon monoxide or hydrogen, before such energy is degraded to 
the form of ineffective heat. The inhibiting action of extraneous gases 
is then due to the hastening of the process of energy degradation, and 
the consequent loss of efficiency by the chlorine. 

Carbonyl chloride is best prepared by passing its constituent gases 
separately into a large glass balloon exposed to sunlight, and thence 

’ Lantenois, Compt. rend,, 1913, 156 , 1629. 

* Davy, Phil. Trans., 1812, 144. 

* Bunsen and Roscoe, Phil. Trans., 1857, 336. 

* Dyson and Harden, Trans. Ghem. Soc., 1903, 83 , 201 ; see also Wildermann, Zeitsch, 
physikal. Chem., 1903, 42 , 259. 

^ Chapman and Gee, Trans. Chem. Soc., 1911, 99 , 1726. 
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through a second balloon similarly exposed. The chlorine should be in 

excess, and may afterwards be absorbed by means of metallic antimony ; 

whilst the carbonyl chloride may be purified by liquefaction in a freezing 

mixture. Carbon monoxide and chlorine may also be made to combine 

through the influence of electric sparks, animal charcoal, or spongy 

platinum. 

Carbonyl cliloridc results from the action of acidic oxides such as 
PgOs and SO 3 or H 2 S 2 O 7 upon carbon tetrachloride.^ Sulphur trioxide 
reacts at 100 ° C., phosphoric oxide at 200 ° C. 

CCI 4 + 2 SO 3 = COCI 2 + S^O.Clg 
2 CCI 4 + == COCI 2 + 2 POCI 3 + CO 2 . 

Carbonyl chloride? may also be prcj)arcd by the oxidation of chloroform by 
chromic acid, when 20 parts of chloroform, 400 of sulphuric acid, and 50 
of potassium dichromate are heated together on the water-bath ^ : 

2 CHCI 3 + KgCraO, + 4 H 2 SO 4 = 

2COCI2 + K2SO4 + Cr2(S04)3 + 5H2O + CI2. 

Another method of formation of carbonyl chloride, which takc.s place 
in the electric furnace, is represented by the following equation : 

2CaO + 2CaCl2 H- lOC = 4CaC2 2 COCI 2.3 

Physical Properties. — Carbonyl chloride is a colourless gas with a 
pungent taste and suffocating smell. Its density under normal condi- 
tions is 8*505 (theory reejuires 3*4168). It is easily condensed to a liquid, 
having a density ^ of 1*432 at 0 ° C., and boiling at 8 * 2 ° C. under 756 mm. 
pressure; the solid® melts at — 118° C. The heat of formation from 
amorphous carbon at constant j)ressure [C, 0 ,Cl 2 ] is, according to 
Thomsen,® 55,1 40 calories, and from diamond 44,100 calories (Bcrthelof). 
The gas dissolves in water and alcohol, undergoing decomposition. 

Chemical Properties. — The dissociation of carbonyl chloride according 
to the reaction COClg CO CI 2 has been studied by Bodenstein 
and Durrant,® who passed the gas or an equimolecular mixture of carbon 
monoxide and chlorine through a heated tube, and analysed the issuing 
gas. Thus they found the following percentages decomposed at the 
given temperatures ; 

Temperature ° C. , 503 553 603 800 

Per cent, decomposed . 67 80 91 100 

Thence they calculated the heat of formation of carbonyl chloride 
from carbon monoxide and chlorine to be about 23,000 calories, whereas 
Bcrthelot® obtained the value 18,800 calories, and Thomsen 26,140 
calories. According to Coehn and Becker the dissociation equilibrium 
of carbonyl chloride is affected by ultraviolet light. 

^ Gustavson, Ber., 1872, 5 , 30. 

* Emmcrling and Lengyel, Ber., 1869, 2 , 647 ; Annalen, 1869, SuppL, 7 , 106. 

® Michalske, Zeitsch, an^ew. Chem., 1906, 19 , 1776. 

* Michalske, ibid. 

® Erdmann, Annalen^ 1908, 362 , 148. 

® Thomsen, Ber.^ 1883, 16 , 2619. 

^ Berthelot, Ann. Chim. Ph/i/s.t 1879, [v], 17, 129. 

« Bodenstein and Darrant, Zeitsch. physikeu. Chem., 1908, 61 , 437. 

® Berthelot, Ann. Chim. Phys., 1879, [v], 17 , 129. 

Coehu and Beoker, Ber., 1910, 43 , 130. 
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Carbonyl chloride is the chloride of carbonic ficid, and as such 
reacts with water thus : 


C:OCl2 + HgO = H.C (>3 4 2HC1, 

the cari)oiiic acid then decomposing into carbon dioxide and wateir. 
With ammojiia tJiere is produced carbami(ie or urea, 

COCI2 4- 4NH3 = CO(NIl2)2 4- 2NII4CI, 

and with hydrogen sulphide carbonyl sulphide, thus : 

COCI2 + II2S COS 4- 211C1, 


whilst alcohol yields chlorocarbonic and carbonic esters ; 


CO 


/Cl 

\0cjl5 


and COiOCijlIs)^. 


Certain metals when heated in carbonyl chloride form chlorides, 
liberating CO, : COClg + Zn == ZiiClg 4- CO ; and numerous 
oxidtis are converted into chlorides when heated in a str(‘a,m of carbonyl 
chloride.^ Mineral sulphides are also converted into chlorides by the 
reaction : 

MS + COCI2 = MCI2 4- COS.2 

Natural phosphates and silicates also yield chlorides when luxated with 
carbonyl chloride vapour.^ 

Carbonyl chloride is employed in the manufacture of certain synthetic 
dye-stuffs, c.g. it reacts with dimethylaniline in the presence of aluminium 
cliloride to form tetramethyldiamidobenzophcmone : 


COCI2 + 


IIC«H4N(Cll3)2 _ /C6ll4N(CH3)2 

HCgIl4N(CH3)a \c3ll4N(CIl3)3 


4- 2IIC1. 


Carbon Oxybromide {Carbonyl Bromide), COBrg. — Carbon oxy- 
brornidc is obtained in an impure condition by the interaction of phos- 
phorus or boron tribromide and carbon oxychloride, and also in small 
quantities by the union of carbon monoxide and bromine in ])r(‘S(*nce of 
aluminium bromide, or under the influence of the silent electric dis- 
charge. The rate of combination of the dry gases is very slow ; probably 
no reaction would take place between them in the complete absence of 
water.^ Carbon oxybromide is best obtained * by slowly dropping 
concentrated sulphuric acid into carbon tetrabrornide heat(‘d to about 
160® C., and redistilling the product after contact with metallic antimony : 


CBr^ -I- 112804 = COBra -f 2nBr + SO3. 

Carbon oxybromide is a colourless, mobile^ fuming liquid of density 2*45 
at 15° C. It boils at 64°~65° C. with slight decomposition ; it is more 
stable towards water than carbonyl chloride ; like the latter, it reacts 
with dimethyl aniline to form dye-stuffs. 


^ Chauvenet, Comp, rend., 1911, 152, 87. 

* Chauvenet, ibid, 1911, 152, 1260. 

* Barlot and Chauvenet, CompL rend., 1913. 157, 1153. 

* Piva, OazzeUa, 1916, 45, i, 219. 

* Bartal, Annalen, 1906, 345, 334. 
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CARBON AND THE OXYGEN GROUP 

OXIDES OF CARBON 

The two important oxides of carbon, carbon monoxide, CO, and 
carbon dioxide, COg, were for many years the only known oxides. In 
187»3 the oxide C 4 O 3 was obtained by Brodie ^ by subjecting carbon 
monoxide to prolonged electric discharges ; and in 1877 Berthelot ^ 
j>rodnc(?d C^jOgby heating Brodie’s o: 5 ^ide to 300^-400° C. In 190C Diels 
and Wolf 3 obtained CgOg, a substance which has aroused much interest. 
Mellitic anhydride is Cj gOg^ ; an unsuccessful attempt has been made 
to prepare dicarbon dioxide,® CO : CO. 

Carbon Suboxide, CgOg. — Carbon suboxide is among the products 
of the distillation of ethyl malonate at 300° C. and a pressure of 12 mm. 
over a larg(^ excess of phosphoric oxide. Other malonic esters and the 
esters of related acids, as well as malonic acid itself,® can similarly be 
made to yield the suboxide by a reaction which is essentially 

CH2(C001T)2 = C3O2 + 2H2O. 

The suboxide is freed from ethyhaie and carbon dioxide, formed at 
the same time, by allowing the distillate, condensed by liquid air, to 
boil at atmosphe ric tem])erature ; the residue is then vaporised, and 
collected at — 00 ° C. (Carbon suboxidc is also formed by the interaction 
of malonyl chloride with silver, lead, or zinc oxide, thus : 

Cn2(COCl)2 + Ag^O = C3O2 + 2AgCl + H3O. 

Silver oxalate or malonate may be employed in place of the oxide. 
Carbon suboxidc is a colourless, mobile, refractive licpiid having an 
odour which rescmblc's that of acraldehyde and mustard oil, and is 
poisonous. It boils at 7° under 761 mm. pressure, and its vapour 
density corresponds to the formula C- 3 O 2 . It burns with a bright blue 
smoky flame, producing carbon dioxide according to tlic reaction: 
C 3 O 2 + 20 2 — 3 CO 2 . The liquid oxide slowly changes at atmospheric 
temperature into a dark red solid of approximately the same composition, 
whose aqueous solution is cosin-red. This change, which is partly one 
of decomposition, is rapid at 37° C. and instantaneous at 100 ° C. The 
oxide combines with wate r to form malonic acid, and with hydrogen 
chloride, ammonia, and aniline to form malonyl chloride, malonamide, 
and malonanilidc respectively. Its discoverers therefore regarded it 
as the second anhydride of malonic acid, thus : 

^COOH ^CO ^CO 

CII 2 ->CIIg \o->C 
\cOOH '\CO '^CO. 

^ Brodie, AnnaleUt 1873, 169 , 270. 

* Berthelot, Ann, Chem, Phys., 1877, [v], 10 , 72. 

8 Diola and Wolf, Ber„ 1906, 39 , 689. 

* Meyer and Steiner, Ber., 1913, 46 , 813. 

* Staiidinger and Anthes, Ber., 1913, 46 , 1426. 

^ Diels and Meyerheim, Ber,, 1907, 40 , 356. 

^ Staudinger and St. Bereza, Ber,, 1908, 41 , 4461. 
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Michael ^ considers the oxide to be the lactone of )S-hydroxy- 

propriolic acid, and thus to have the constitution C /O ; but this 

\C() 


view is not acceptable to Diels and Meyerheim,^ who adhere to the 
“ dioxoallenc ” formula, O : C : C : : O ; and Diels and Lalin ^ Jiave 

sliown that the suboxide behaves as a ketene, fifiving with formic acid 


the additive compound : 


HOOC\ 

>C : C : C 
HO / 


^COOH 


Rerthelot * claimed that the term “ carbon suboxide ” is propcjrly 
applied to the compounds discovered previously by Rrodic and himself, 
and therefore cannot legitimately be used for the compound C3O2. 


CARBON MONOXIDE 
{Carbonic oxide) 

Formula, CO 

Occurrence. — Carbon monoxide is found amongst the gases evolved 
from active volcanoes, and occurs in small quantity in some minerals,' 
and in diamantiferous earth at Kimberley.® Tliis gas is also present in 
coal-gas to the extent of 6-12 per cent., and is formed simultaneously 
with carbon dioxide in the combustion of carbon,® as well as by the 
reduction of the latter gas when it passes over red-hot carbon : 

COg -f C = 2CO. 

Hence carbon monoxide is formed in a coke fire, on the top of which 
it burns with a pale flame ; and it is produced in various metallurgical 
operations in which coal or coke is used as fuel, as, for instance, in the 
blast-furnace. It is an important constituent of water-gas, made 
by passing steam over carbon at 1000° C. : 

C+U^O^CO +H2; 

and of producer gas formed by passing air, togetlier sometimes with 
steam, through red-hot carbonaceous material. Carbon monoxide is 
ah intermediate product, also, in the combustion of hydrocarbons, and 
is found in the interconal gases of the Bunsen flame. 

History. — Carbon monoxide, or carbonic oxide, as it is sometimes 
rather erroneously called, was discovered in 1776 by Lassone,^ who 
obtained it during the reduction of zinc oxide by charcoal. On account 
of the blue flame with which it burns, this gas was at first mistaken for 
hydrogen, and its production was cited by Priestley in support of that 
version of the phlogiston theory which supposed that metallic calces 
contain water, and that inflammable air, i,e, hydrogen, is phlogisticated 

^ Michael, Ber,, 1906, 39 , 1915. 

® Diels and Meyerheim, Ber., 1907, 40 , 355. 

® Diels and Lalin, Ber,, 1908, 41 , 3426. 

* Berthelot, Compt. rend., 1906, 142 , 533. 

* Ramsay and Travers, Proc. Boy. Soc., 1897, 60 , 442. 

® Rhead and Wheeler, Trans. Chem. Soc., 1912, loi, 831, 840. 

^ Lassone, Mim. Paris Acad., 1776, 
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water. In 1800 Cruikshank showed that when the gas burns it produces 
no water, but an equal volume of carbon dioxide ; and in 1802 Clement 
and D(‘Sormes confirmed Cruikshank’s observation, and also showed 
that the same gas is produced when carbon dioxide is passed over 
red-hot charcoal. In his Nezv System of Chemical Philosophy (1808) 
Dalton showed that “ carbonic oxide is a binary compound consisting 
of one atom of charcoal and one of oxygen ...” and that “ carbonic 
acid is a ternary compound . . . consisting of one atom of charcoal and 
two of oxygen.” Thus the nature and composition of carbon monoxide 
were definitely established. 

Preparation. — The methods available for the preparation of carbon 
monoxide fall into four categories : 

A. Partial oxidation of carbon. 

B. Partial reduction of carbon dioxide. 

C. Deliydration of formic acid and its derivatives or of other oxy- 

acids. 

D. Electrolytic decomposition of a suitable oxyacid. 

A. Carbon is oxidised to carbon monoxide when excess of it is 
h(‘ated with zinc oxide, ferric oxide, manganese dioxide, or other 
reducible oxide. The reactions are, however, of little importance 
for the |:)reparation of the* gas. 

B. Carbon dioxide may be reduced to carbon monoxide in various 
ways : 

(1) By red-hot carbon. 

It is well known that red-hot charcoal ixcliiees carbon dioxide 
according to the reaction : 

CO, +C^-2CO. 


That the reaction is reversible, carbon monoxide dissociating at high 
temj)eratiire into carbon and carbon dioxide, was shown in 1864 by 
Deville.^ The matter was further investigated by Sir Lothian Bell,^ 
in 1869, who showed that finely divided metals promote the decom- 
position of carbon monoxide ; and by Boudouard,^ in 1902, who employed 
iron, nickel, and cobalt as catalysts, and showed that the equilibrium 
ratio CO : CO, is a function of temperature, the reaction beginning at 
about 600° C. 

The effect of temperature on the equilibrium represented by the 
above equation has b(*cn studied by Rhe£fd and Wheeler,^ who have 
obtained the results given in the table on the opposite page. 

The equation of equilibrium for the reaction is 


+ Inge y = k 

where T is absolute temperature, and c, are molecular concentrations 
of carbon monoxide and dioxide respectively, and k is a constant, the 
mean value for which is 20-39, the gases being left approximately at 
atmospheric temperature, when equilibrium is attained. The effect of 
pressure on the equilibrium has also been studied by Rhead and Wheeler.® 


» Dovillo, Compt. rend, 18(H, 59, 873 ; 1865, 60, 317. 

* Boll, J. Chem. Soc., 1869, 22, 203. 

* Boudouard, Ann. Gkim. Phys., 1901, [vii], 24, 5. 

* Rliead and Whoelor, Trans. Chsm. Sue., 1910, 97, 2181. 

* Ehead and Whooler, ibid., 1911, 99, 1140. 
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Per cent, by volume 

Temperature ° C. 

C()2 

CO 

850 ... . 

0*23 

93*77 

900 .... 

2*22 

97*78 

950 .... 1 

1*32 

98*08 

1000 .... 

0*59 

99*41 

1050 .... 

0*37 

99*03 

1100 .... 

0*15 

99*85 

1200 .... 

0*06 

99*94 


Gautier ^ has shown that car})oii monoxide is not appr(x;iably disso- 
ciated into carbon dioxide and carbon at the meltin^-j^oint of lava 
(1250° C.), and therefore may exist in the pyrospliere of the earth. 

(2) Metallic zinc may also be employed to reduce carbon dioxide 
to the monoxide. Thus carbon monoxide is formed when zinc filings 
are heated with chalk or magnesite ; 

(Ca,Mg)C 03 + Zn = (Ca,Mg)0 + ZnO + CO, 

and likewise when carbon dioxide is passed over zinc dust heated just 
short of redness in a glass tube. 

Carbon dioxide may also be reduced by means of hydrogen sulphide ^ 
thus : 

CO2 + H2S == CO + H2O + s, 

or by leading the vapour of carbon disulphide ^vith carbon dioxide over 
rcd-iiot copper ^ : 

CS 2 + CO 2 + 4Cu -= 2 C 1 I 2 S + 2CO. 

C. The dehydration of formic acid rc^presented by the reaction 
HCOOH == CO + H 2 O 

may be carried out by heating the acid or a suitable salt such as 
sodium formate with concentrated sulphuric acid, when pure carbon 
monoxide gas is evolved. 

Chloroform, bromoform, and iodoform, being derivatives of ortho- 
formic acid, may also be made to yield carbon monoxide by suitable 
means, the course of the reaction being represented thus : 

CHXg CH( 0 H )3 CO -f 2 H 2 O. 

According to Desgrez,^ chloroform yields carbon monoxide when treated 
with cold aqueous potash solution, thus : 

CHCI 3 + 8 KOH = 3KC1 + 2 II 2 O + CO, 

the reaction being accelerated by light. Bromoform is decomposed 
more slowly in this way, and iodoform not at all. 

^ Gautier, Compt. rend., 1910, 150, 1383. 
a Kohler, Ber., 1883, n, 265. 

* EUvart, Chem. News, 1885, 52, 183. 

* Desgroz, Oompt. rend., 1897, 125, 780. 
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Silver nitrate, ho^vc ver, aids the decomposition of iodoform on 
account of the formation of insoluble silver iodide, thus ^ : 

CHI 3 + SAgNOa + HgO = 3AgT + 3 HNO 3 + CO. 

Hydroeyanie acid, or formonitrilc, yields carbon monoxide by 
the reactions : 

HCN + 2 IT 2 O IICOOH + NH 3 -> CO + HgO + NH^. 

Thus potassium cyanide yields carbon monoxide when heated with 
concentrated sulphuric acid ; but it is usual to prepare this gas by 
heating finely powdered potassium ferrocyanide, K 4 Fe(CN) 3 . 3 ll 20 , wnth 
eight to ten times its weight of concentrated sulj)huric acid, the water 
in th(.* acid and in the salt be ing sufiieicnt for the reaction : 

K4Fe(CN)„ + (>112804 + 6II2O 

2 K 28 O 4 + FeS04 + 3(NIT4)2S04 + 6 CO. 

Otlier carboxylic acids besides formic acid, such as tartaric and 
citric acids, yield carbon monoxide among thc‘ [irodiicts of their decom- 
position by means of sul])liuric acid; and oxalic acid yields carbon 
monoxide and carbon dioxide in equal volumes, thus : 

COOII COOH =:= CO -f CO 2 + H 2 O. 

It is tluTcl’orc! convenient to prepare carbon monoxide by heating 
oxalic acid with concentrated sulphuric acid, 'and absorbing the carbon 
dioxides by passing the gaseous mixture through a solution of caustic 
alkali. 

By an analogous reaction oxalates when heated yield carbon 
monoxide, leaving a residue of carbonate, as, e.g, : 

CaC204 = CaCOg + CO. 

D. Carbon monoxide is produced by the electrolysis of malonic 
acid, which according to Petersen^ undergoes the following changes : 

— + 

I. CH2(C00H)2 -= CIl 2 (COO )2 + H 2 

IT. Cll 2 (COO )2 + H 2 O = CIl 2 (COOH )2 + O 
III. CIl 2 (COO )2 = CH 2 + 2 CO 2 . 

The nascent oxygen then oxidises methylene (dig) thus : 

CHo + 20 = CO -f HgO. 

Physical Properties of Carbon Monoxide. — Carbon monoxide is a 
colourless gas without taste or smell, which is very poisonous. Its 
density (air — 1 ) is 0*96702 (Leduc or 0*96716 (Rayleigh^). To the 
latter density the molecular weight 27*9989 corresponds, wdiilst CO 
requires M.W. 28*002 ; therefore at atmospheric pressure carbon 
monoxide is practically an ideal gas. The molecular weight of CO 
is the same as that of nitrogen (Ng = 28*02) ; and in condensibility 
and other physical properties the t\vo gases closely resemble each other. 

• The coefficient of expansion of carbon monoxide at atmospheric 
pressure is 0*0036667,® which is that for an id(;al gas. 

* SoubenraucU, Zeit^ch. NaJir, Genussm., 1898, S, 737. 

* Petersen, ZeiUtch. phynkah Chem.^ 1900, 33 , 699. 

® LchIuc, Compt. rend., 1892, 115 , 1072. 

* HayJoigh, iVoc. May. 80 c., 1897, 62 , 204. 

* Rcgnault, Pogg. Anmkn, 1842, 57 , 118. 
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Nattercr^ determined the diminishing compressibility of the gas at 
high pressures. Compressibility is expressed by the ratio where 

jOg == 1 atmosphere. Some of the values obtained arc given in the 
following table. 


jo.(atm.) 


Pn Vq 
pv 

77 


1 *000 

204 


0*965 

408 


. 0*900 

515 


0*810 

629 


0*727 

814 


0*623 

1133 


0*500 

1716 


0*366 

2790 


0*261 


Carbon monoxide was lique 


lied by Cailletet in 1877, and by 


Wroblewski and Olszewski^ in 1883, who eookd the gas to — 13G° C. in 
boiling ethylene and compressed it to 150 aiinos])lHTt‘s. It forms a 
colourless liquid which boils at — 193^ C. (Wroblewski or -- 190° C, 
(Olszewski under 1 atm. pressure, and forms a snowlike solid at 
— 21 1° C. (Cailh let) or — * 199° C. (Wroi)lewski). Th(‘ critical tempe'rature 
and pressure of carbon monoxide, together with the constants a and b 
for van der Waals’ equation, are : 


1 

Critical Temp. 
°C. 

Critical 

Pressure 

a 

h 


— 141*1 
~ 139*5 

35*9 atm. 
85-5 „ 

0 00275 
000285 

1 

0-001083 

0001723 

Wroi)lewski 

Olszewski 


The critical density® of carbon monoxide is 0*3110. 

The densities of liquid carbon monoxide at different temperatures 
have been determined by Baly and Donnan.'^ They arc expressed by 
the formula : 

d == 0*8558 - 0*0042 (T - 68). T = abs. temp. 

The specific heat of carbon monoxide between 99° C. and 23° C. is 0*2425,® 

Cv 

and the ratio ^ is approximately 1*40,® the value for a diatomic gas. 

^ Natterer, Pogg. Annalen, 1855, 94 , 436 

* Cailletet, Comjit. rend., 1877, 85 , 815. 

* Wroblewski and Olszewski, Compt, rend., 1883, 96 , 1140, 1220. 

* Wroblewski, CompL rend,, 1884, 98 , 985, 

® Olszewski, CompL rend., 1884, 98 , 706. 

® Cardoso, Arch. Sci. phys. nut., 1915, |ivj, 39 , 403. 

’ Baly and Donnan, Trarm. Chem. Soc., 1902, 81 , 913. 

* Wiedemann, Pogg. Annalen, 1876, 157 , 1. 

* Wiillner, Wied. Annalen, 1878, N.F., 4 , 331 ; Cazin, Ann. Chim., 1862, jiii ], 56 , 206 ; 
l^duc, CompL rend., 1898, 127 , 659. See cdso 8 cheel and House, SHzungsher. K. Alcad. 
Wisa. Berlin, 1913, 44. 
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The heat of combustion (C0,0) is 68,200 calories, and the heats of 

formation are as follow : 

(C) amorph. + (O) == CO + 29,000 calories,^ 

(C) diamond + (D) == CO + 26,100 calorics.^ 

Carbon monoxide is very slightly soluble in water ; its solubility 
at different temperatures is represented by the following equation ^ : 

c = 0 032784 — 0*0080094/ + 0*000015872 tK 
Its solubility in other solvents has been investigated by Just,^ Skirrow,® 
and Christoff.® 

Chemical Properties of Carbon Monoxide. — Carbon monoxide is an 
unsaturated compound which unites with oxygen, either free or com- 
bined, to form carbon dioxide ; and also with various other substances 
under suitable conditions. 

Union of Carbon Monoxide with Oxygen. — Carbon monoxide can 
reduce compounds containing oxygen not only at high temperature, 
as in metallurgy,*^ but also in some cases at low temperatures. 

For example, silver oxide and yellow mercuric oxide oxidise carbon 
monoxide at atmospheric tem})erature,® as well as pcTinanganic acid ® 
and ammoniacal silver nitrate ; whilst chromic acid reacts similarly 
at 100° C., and crystallised iodic anhydride at 90° C., being thereby 
reduced to iodine.^® 

Th(^ reaction between carbon monoxide and gaseous oxygen, i.e. 
the process of combustion of carbon monoxide, has been the subject 
of much investigation. 

Combination of these gases can be brought about by passing the 
mixed gases over moist phosphorus.^^ Probably hydrogen peroxide or 
ozone plays a part in the reaction ; and either of these substances has 
the power of oxidising carbon monoxide in presence of palladium.^® In 
presence of a heated palladiiim wire the union of carbon monoxide with 
oxygen is complete at 300° C.^® Combination between the two gases also 
takes place gradually under the influence of the silent electric discharge.^^ 

The influence of temperature upon the degree of combination between 
carbon monoxide and oxygen has been studied by Helier,^® who obtained 
the following residts ; 

Temperature ° C. 195 302 408 500 566 600 689 855 
Per cent, combination 0*18 0*44^ 3*03 6*2 14*43 21*14 46*38 65*0 

1 Thomsen, Tbermochemisebe Unter8uchun(jen{DT.J. Traubo), Enke, (Stuttgart), 1906, 
p. 196. 

* Bcrthelot, Ann. Chim. Phys.y 1878, [v], 13 , 14; 1880, 20 , 260; 1881, 23 , 177 ; Ber- 
thelot and Matignon, Ann. Chim. Phys.y 1893, [vi], 30 , 865. 

3 Henrich, Zeitsch. physikal. Ghem.f 1892, 9 , 435. 

* Just, Zeitsch. physikal. Chem., 1901, 37 , 342. 

® Skirrow, Zeitsch. physikal. Chem,, 1902, 41 , 139. 

* Christoff, Zeitsch. physikal. Chem., 1906, 55 , 622. 

^ Vide Charpy, Compt. rend., 1909, 148 , 660. 

® Colson, Compt. revd., 1901, 132 , 467. 

* Just and Kauko, Zeitsch. physikal. Chem., 1913, 82 , 71. 

Nicloux, Compt. rend., 1898, 126 , 746; Gautier, Compt, rend., 1898, 126 , 793, 931 ; 
Piiillips, Zeitsch. anorg. Chem., 1894, 6 , 243. 

Leeds, Per., 1879, 12 , 1836 ; Baumann, Ber., 1884, 17 , 283. 

« Traube, Ber., 1882, 15 , 2864; 1883, 16 , 123. 

Richardt, Zeitsch, anorg. Chem., 1904, 38 , 69. 

Mixter, Amer. J. ISci. (Sill), 1897, [iv], 4 , 61 ; A. de Hemptinno, Zeitsch. physikal 
Chem., 1903, 46 , 18. 

** Helier, Ann. Chim. Phys., 1897, [vii], 10 , 521. 
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These figures are of relative value only, as true equilibrium was not 
attained. The kinetics of the reaction between these two gases at 
570° C. has been studied by Kuhl,^ who found that the order in which 
they were introduced into the reaction vessel in j)resence of moisture, 
and whether or not carbon dioxide was originally present, had much 
influence on the velocity of the reaction. Bodenstein and Ohlmer ^ 
have obsca’ved that the reaction is catalytically accelerated by quartz- 

The influence of moisture in promoting the combination of these 
two gases is noteworthy. A mixture of dried carbon monoxide and 
oxygen is not exploded by a spark, ^ though a mixture of the moist gases 
is so exploded. If a dried mixture is contained in a long tube into 
one end of which a little moisture is introduced, the moistened mixture 
will exj)lode, but the flame dies out as it reaches the dried gases.** Dried 
carbon monoxide and oxygen will unite in the path of an (electric spark ® ; 
the rt*aetion, however, is reversible, and a limit is reached when the 
rates of combination and decomposition are ecpuil.® The dried gases 
also c^ombine, without explosion or flame, when in contact with a hot 
platinum wire.’ 

It is clear from the above statfunents that whilst the presence of 
water is not always lu'cessary to the union of carbon monoxide and 
oxygen, its ]n*esence greatly facilitates the combustion of the former 
gas. Thus carbon monoxide l)urns in moist air with a pale blue flame, 
but such a flame is extinguished when it is j)lunged into dry air.® 

Not only water-vapour itself, but othc^r subslaiujcs (*apable of 
forming water-vapour by combustion, such as hydrogen, hydrogen 
sulpliide, and hydrocarbons, i)romote the combustion of carbon mon- 
oxide ; and continued addition of water- va]>our to a mixture of carbon 
monoxide and oxygen accelerates the velocity of explosion until about 
4*5 per cent, has been addc‘d.® 

Various explanations of this catalytic action of water-vapour have 
been given. According to Armstrong the two gases, which arc inert 
in the pure state, require “ the formation of a conducting system in 
which electrolysis can occur,” or, according to a later exposition,** 
oxidation takes place “ in a circuit composed of the oxidisable sub- 
stance, conducting water and oxygen.” Briefly, Armstrong’s view 
may be represented by the following scheme : 


0 

1 

H,0 

CO 

OIIj 

OCO 

0 

H^O 

CO 

OH, 

OCO 


in which the elements of water appear to be partitioned between oxygen 
and carbon monoxide. Against this view is the fact that when dry 

^ Kiihl, Zeitsch. phyaikal Chem., 1903, 385. 

* Bodonstein and Ohlmer, Zeitsch. phyaikal, Cham., 1905, 53 , 106. 
a Dixon, B. A, Report, 1880, 503. 

‘ Dixon, Ohem, Newa, 1882, 46 , 151. 

® L. Meyer, Ber., 1886, 19 , 1099; Bekotoff, Bull. Acad, Petrograd, 2 , 175. 

® Dixon and Lowe, Tram, Chem. Soc., 1885, 47 , 671. 

’ Dixon and Lowe, ibid. 

» Traube, Ber,, 1885, 18 , 1890. 

® Dixon, Phil, Tram., 1893, A, 184 , 111. 

Armstrong, Proc. Roy. 80 c., 1886, 40 , 287 ; Trans. Chem, 80 c., 1880, 49 , 112 ; Presi- 
dential Address, Trans, Chem. 80 c,, 1896. 

^ Armstrong, Trans, Chem, 80 c., 1903, 83 , 1088, 
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cyanogen is exploded with excess of oxygen or burnt in a Smithclls 
separator, whilst the liiial products are carbon dioxide and nitrogen, 
carbon monoxide is formed as an intermediate product, and subsequently 
burns to car})on dioxide in tlie complete absence of water- vapour. 

Tran be ^ has put forward the theory that the water molecules yield 
their oxygen to carbon monoxide at the same time that the remaining 
hydrogen appropriates a molecule of oxygen to form hydrogen peroxide, 
thus : 

L CO -f OII^ + 02= CO 2 + TIoOg 
11. CO + O 2 H 2 = CO 2 + OHg. 

Carbon monoxide is, however, directly oxidised by steam at high 
temperature ; and Mendelecff,^ who accepted Traube’s theory with 
regard to hydrogen peroxide, consequently gave the following equations, 
whicli illustrate his belief that reactions bet ween equal volumes of gases 
precede all others : 

I. CO + OH2 =C 02 + II2. 

II. O2 + Hg - O2H2. 

III. CO + O0II2 = CO2 + oil 2. 

Traube’s theory of tlu' formation of hydrogen peroxide is, however, 
deni(‘d by Wi eland, ^ wlio supports Armstrong’s views. 

Dixon, ^ wlio lias reviewed the various theories which have been 
advanced to account for th(! inertness of dry carbon monoxide in presence 
of dry oxygen, advances thci suggestion that the dissociation of carbon 
dioxid(i at the temperature at which carbon monoxide and oxygen would 
coml^ine accounts for the non-appearance of the former gas ; but that 
in the presence of steam carbon monoxide is oxidised thereby, the 
liberated hydrogen recombining with oxygen to form steam, which is 
stable at the temperature of the combustion, thus : 

2 CO + 201 L = 2CO2 + 2H2 
2H2 + O2 “ = ^ir.o. 

It cannot be said, however, that the function of water-vapour in 
promoting the combustion of carbon monoxide has been definitely 
established. 

It may be mentioned that according to Gautier ® interaction between 
carbon monoxide and water- vapour takes place at 1200 °-! 250 ® C. The 
reactions of carbon monoxide with hydrogen, water- vapour, and iron 
and its oxides have been studied by Gautier and Clausmann, and 
their bearing ujKjn volcanic and geological phenomena and the origin 
of petroleum has been discussed.® 

Additio 7 i Products of Carbon Monoedde . — Besides uniting with oxygen, 
carbon monoxide, as an unsaturated compound, forms addition products 
with a number of other substances. The fact that this gas combines 
with chlorine under the influence of light to form carbonyl chloride 
(r/.u. p. 97), but not with bromine or iodine, has already been noticed. 

1 Traubo, Ber,. 1883, 16, 123; 1885, 18, 1800. 

2 Mondoloeff, Principles of Chemistry ^ 2nd Eng. odn., 1905, vol. i, p, 312. 

3 Wicland, Bcr., 1912, 45, 679. 

* Dixon, Trans. Chem. Sue., 1806, 69, 774. 

6 Gautier, Compt. rend., 1906, 142, 1382- 

® Oautior, Compt. rend., 1910, 150, 1564; Gautier and Clausmann, Comrd. rend.. 
1910, 151, 16, 355, 
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Combination with sulphur vapour to form carbonyl sulphide, COS, 
takes place at a red heat ; hydrogen combines with carbon monoxide 
to produce formakh^hyde under the inlliiencc of tlie silent electric 
discharge, but by the help of n eatalyst such as metallic nickel reduces 
this gas to methane.^ Alkali formate is produced by the absorption 
of carbon monoxide by heated caustic alkali ^ : 

CO + KOII -= nCOOK, 

and also by the action of the gas on alkali Jiydride, carbon bc‘iiig 
separated thus : ^CO + KH = HCOOK - C. 

By the interaction of lime and carbon monoxide between 350® C. 
and 400® C. considerable quantities of methane, ciliylene, and hydrogen 
are formed by the following reactions ^ : 

2CO + Ca(OH)2 = (HCOO),Ca ::::= (C ()0)X:i + ; 

2(HCOO)2Ca + CaO = SCaCOg + CH, ; 

4(HCOO)2Ca + 2CaO = OCaCO^ + Coll, 2ll_,. 

Carbon monoxide also reacts with sodium meilioxide and its homo- 
logues at 100° C. to produce the sodium salt of the corresponding car- 

boxyhe acid «— ^ CHaONa = ClIs COONa. 

One of the most important additive reactions of carbon monoxide, 
since it is used in the volumetric estimation of this gas, is its combination 
with cuprous chloride. The conditions of this r(\aetion have been 
studied by Manchot and Friend,® who firul that the ratio (ui : CO deter- 
mines the maximum limit of absorption “ the compound CUCI.CO.2II 2O, 
which crystallises in colourless leaflets, being formed in nil cases. 

The absorption of carbon monoxide by a hydrochloric acid solution 
of cuprous chloride increases with decreasing concentration of hydrogen 
chloride, with lowering of temperature, with increasing concentration 
of cuprous chloride, and increasing j)ressure ol’ carbon monoxide. 

Ammonia, aniline, etc., may take the place of waler in the compound 
CUCI.CO.2II2O ; otherwise water is necessary. An alcoholic suspension 
of cuprous chloride, for exam{)le, docs not absorb car})on monoxide. 
Cuprous hydroxide does not combine with carbon monoxide, but in 
presence of sodium hydroxide is reduced thereby to copj)cr. 

A number of interesting syntheses can be brought about ])y sub- 
mitting carbon monoxide mixed with various other gases and vapours 
to the influence of the silent electric discharge ® ; 

CO -f II2O = HCOOIl (formic acid) 

CO + H2 = HCOIl (formalddiyde) 

CO -f CH4 = CHgCOII (acetaldehyde) 

CO + H2S = HCOH + S 

HCOH + HgS = HCSH (thioformaldehyde) HgO 

CO + == HCOCl (formyl chloride) 

CO + NH3 = HCONII2 (formamide). 

^ Sarreau and Vieille, CompU rend., 1887, 105, 1225. 

* Berthelot, Ann. Chim. Pkya., 1856, [iii], 46, 477 ; 1600. [vii j, 2I, 205. 

* Vij^non, BvU. Soc. chim,, 1911, [iv], 9, 18, 

* Wohler, Anndlen, 1800, 113, 368 ; Lerch, Annalen, 1862, 124, 20 ; Berthelot, Bull, 
Soc, chim., 1866, [ii], S, 1. 

» Manchot and Friend, Annalen, 1908, 359, 100. See also vol. ii (this series) under 
“Cuprous Salts.** 

* I.i08anitsch and Jovitsohitsch, Ber., 1897, 30, 135 • 
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According to Kuhlmann,^ however, ammonium cyanide is formed 
when car})on monoxid(‘ and ammonia are passed together over lieated 
platinum-black : 

CO 4 2 NII 3 - Nlf 4 CN 4- ILO : 

but Jackson and Northall-Laurie Ihul that amnioniuni eyanate, which 
gives rise to urea, is formed thus : 

CO + 2 NII 3 - OCN NH 4 4 - Hg. 

Ultra-violet rays also cause combinations between carbon monoxide 
and other gases.® 

When carbon monoxide itself is submitted to prolonged electric 
discharges one or more suboxides of carbon are produced (see p. 100). 

Compounds of Carbon Monoxide with Metals, — Metallic Carbonyls , — 
In his Presidential Address before the Chemical Section of the British 
Association in 1890 Dr. Ludwig Mond described a carbide of nickel 
which he had observed to be formed on some nickel valves; and this 
observation led to the discovery in 1890 of a volatile compound of 
nickel and carbon monoxide : nickel carbonyl, Ni(CO) 4 , whose forma- 
tion and decomposition hfis proved of great practical value in the 
metallurgy of nickel.^ The following carbonyls are known to exist ® : 
Ni(CO) 4 , Co 3 (CO) 8 , [Co(CO) 3 ]n, Ec(CO) 5 , [¥c,(CO),]n, [Fe(CO)4]., 

[Mo(CO) 6]« [Ru(CO) 3 .]n ; and they will be described under the corre- 
sponding metals. Their constitution is still a matter of conjecture. 

A potassium carbonyl, K6(CO)6, which is explosive, and was formed 
in the old Brunner process for the manufacture of potassium by heating 
potfissium carbonate with carbon, is probably the potassium derivative 
of hexahydroxybenzene. 

Physiological Action of Carbon Monoxide. — Carbon monoxide gas 
is very poisonous to man and animals. As early as 1716 the poisonous 
nature of the fumes arising from burning charcoal was recognised by 
E. Hoffmann.® Many deaths have been caused by breathing the gas 
arising from imperfectly burnt charcoal, or air mixed with coal-gas. 

The poisonous action of carbon monoxide is generally supposed to 
be due to the formation with the hicmoglobin or red colouring-matter 
of the blood of a compound, carboxyhaemoglobin, which is much 
more stable than tlici compound oxylnxmoglobin which oxyge^n forms. 
Thus the activity of the blood as an oxygen -carrier is seriously or fatally 
inhibited. The absorption coelTicicnt of blood for carbon monoxide 
is 0*022.’ Blood becomes more purple by the absorption of carbon 
monoxide, and when diluted forty times shows an absorption spectrum 
containing two bands between the D and E lines, which much resembles 
that of oxygenated blood. The spectrum of the latter is, however, 
modified by the reducing action of ammonium sulphide or ammoniacal 
ferrotartrate, whilst that of blood containing carbon monoxide remains 
unchanged for several days after the addition of a reducing agent. 
The spectroscopic estimation of carbon monoxide in blood has been 

^ Kuhlmann, Annalen^ 1841, 38 , 62. 

* Jackson and Northall-Laurie, Trans. Chem, 80 c. y 1905, 87 , 433. 

® D. Berthelot and Gaudochon, Compt. rend., 1913, 157 , 129. 

* Mond, Trans. Client. Soc., 1890, 57 , 749. 

Mond, Hertz, and Cowap, Trans. Chem. 80 c., 1910, 97 , 798. 

* Hoffmann, Considerations on the Fatal Effects of the Vapour from Burning Charcoal, 

1716, ’ Hiifner, Arch. exp. Pathol. Pharmak., 1902, 48 , 87. 
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elaborated by Ilartridge.^ According to Giocoso,^ the theory that 
carbon monoxide poisons by replacing oxyluemoglobin by (‘arboxy- 
hicmoglobin can no longer be maintained. Carbon monoxide appears 
to have no effect upon the germination of seeds or the action of ferment s,^ 
though it retards the catalytic action of finely divided platinum.^ 

Detection and Estimation of Carbon Monoxide. — ('arbon monoxide 
may be detected by its reducing action on metallic salt solutions, the 
most sensitive of which is palladioiis chloride. The gas containing 
carbon monoxide is passed through a dilute solution of palladious 
chloride, when metallic palladium is precipitated according to the 
reaction * 

PdClg + CO + HP == 2HC1 + CO 2 + Pd.^^ 

The reaction with blood serves for the detection of 0*25 per cent, of 
carbon monoxide in air.® 

Carbon monoxide is generally estimated by the loss of volume 
consequent upon its absorption in an ammoniacal or h^T^drochloric acid 
sqjution of cuprous chloride. 

The gas may also be estimated by combustion, or by oxidation by 
iodine pentoxide at 150“ C., followed by titration of the carbon dioxide* 
after absorption in baryta water. This method, which is due to Gautier, 
has been elaborated by Levy.*^ 

The quantity of carbon monoxide in a mixture of this gas with 
hydrog(.*n and methane may be de^tcirmined by fractional ce)mbustie)n 
whe'ii the mixture is passed over palladium-asbestos at a rate not ex- 
ceeding 1 litre ])cr hour, the carbon monoxide alone being oxielised ; 
and when a similar mixture is passed over copper oxieie at 250® C. the 
methane is also unaffected.® 

CARBON DIOXIDE 

(Carbonic Anhydride, Carbonic Acid Gas) 

Formula COg. Molecular weight = 44. 

History. — Carbon dioxide was first recognised by van Helmont>, 
early in the seventeenth century, as a gas which diffe red in properties 
from air. This chemist showed that the gas is produced l)y acting on 
limestone and potashes with acids, by the burning of coal, and by the 
fermentation of wine and beer ; that it is contained in the stomach, 
in mineral waters, and in caves such as the Grotto del Cane, near Naples ; 
and that it possesses suffocating properties and extinguishes a flame. 
The name gas sylvestre was given by van Helmont to carbon dioxide, 
because the gas appeared to be uncondensible (sylvestris = wild). 
The first scientific investigation of carbon dioxide w as made by Black 
in 1755, who in his Experiments upon Magnesia- alba. Quicklime, 
and other Alkaline Substances ” ® showed that this substance is present 

^ Hartridge, Proc, Roy. Soc., 1913, B, 86 , 128. 

^ Giocoso, AUi R. Accad. Torino, 1904, 39 , 421. 

® Senior, Zeilsch. physikal. Chem., 1905, 51 , 694. 

* Bredig, Anorganische Fermente, Leipzig, 1901, p. 68 . 

® Winkler, Zeitsch. anal. Chem., 1889, 28 , 275. 

« Vogel, Ber., 1878, ii, 235. 

’ Levy, J. Roc. Chem. Ind., 1911, 30 , 1437. 

* Nosmjeloff, Zeitsch. anal. Chem., 1909, 48 , 232. 

* Black, Edin. Phys. and Literary Essays, 1756. 
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in a combined state in calcium and magnesium carbonates, whence it 
may be driven by heat or acids. On account of its presence in solid 
carbonntes Bl.iek luunc'd this gas fixed air, Bergmann,^ who in 1774 
j)ublish(‘d an account ol* carbon dioxide, called it acid of air because 
of its presence' in the atmosphere ; Scheele and Priestley showed that 
in th(‘ burnijig of a eandh^ lix(‘d air took the place of dephlogisticatcd 
air; and Lavoisii r, in 1775-G, established the chemical nature and 
com{)Ositi()n of tJa* gas by showing that it is produced when mer- 
curic oxide is lu^atc'd with carbon ; whilst Dalton, in 1803, showed 
that ‘‘ carbonic acid ” contains twice as much oxygem combined 
with the same quantity of carbon as carbonic oxidc‘ ” does, 
and that these two gases furnish an (‘xamph* of the law of multiple 
proportions. 

Atmospheric and Terrestrial Carbon Dioxide. — In the early ages 
ol* the earth’s geological history thc^ distribution of carbon dioxide was 
quit(' diffe rent from what it is now. Then the basic oxides of the earth’s 
crust were combined mainly with silica, whilst the atmosjdifTc was 
V(Ty rich in carbon dioxide. This was because the high tem})erature 
of the igneous rocks favoured combination with silica rather than 
with (‘{irbon dioxide. The displacement of carbon dioxide by silica 
on fusion (if the latter with sodium carbonate illustrates the princi[)le. 
With the aid of atmosplieric aqiu'ons vapour, however, a process of 
w(‘atJicring of siliceous roc^ks commenc(*d by which carbonates were 
formed, and silicic ac.ad, silica, or silicates of less basic rnc'tals liberated. 
The weathering of fels]iar, by which potassium aluminium silicate is 
converted into j)otassium carbonate, aluminium silicate or kaolin, and 
free silica, is the most familiar example of this proce ss. By the uitl of 
rain, and consequent streams and rivers, these carbonates or bicar- 
bonates were carried in solution to the sea. 

M('an while; the sea itself was receiving in solution much carbon dioxide 
directly from the atmosphere, continual interchange of this gas taking 
plae(; between the; two media. Partly by inorganic decomposition, but 
chielly through the agency of marine organisms, the bicarbonates of 
calcium and magnesium were decomposed, and sedimentary rocks 
producH'd from the carbonates thus set free, while the free carbonic 
acid containing half the carbon dioxide originally removed from the 
air eventually returned tliis carbon dioxide to the air, which by means 
of circulation again b('camc available for weathering. Thus carbon 
dioxide has been continuously removed from the air and stored up 
in tlie crust of the earth in the various forms of limestone rocks 
and coral rc'cifs. So great has been the storage of carbon dioxide by 
this means that at the present day there is about thirty thousand 
times as much of this compound in the sedimentary rocks as in the 
atmosphere. 

Simultaneously with this process a quite different agency was at 
work reducing the amount of carbon dioxide in the air. The green 
parts of plants, and especially their leaves, possess the power of decom- 
posing atmospheric carbon dioxide in the presence of sunlight, retaining 
the carbon and r(‘turning the oxygen to the air. The chlorophyll, or 
green colouring-matter, of the leaves is associated with masses of 
protoplasm to constitute chlorophyll corpuscles or chloroplasts. The 
radiant energy absorbed by the colour is employed by this protoplasm 
^ Bergmann, Opuscula, 1774, i, 1, “ De acido 
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to bring about a chemical cliange which may be represented by the 
equation : 

.rCO, 4 rlLfl = C^H^-O, + 

The significance and im])ortance of (his process of photosynthesis 
in the economy of nature can hardly b(‘ ox erestimated. First, the ex- 
ccssivcj amount of carbon dioxide originally present in the air was 
gradually replaced by oxygen ; secondly, carbohydrate was produced, 
whence is derived food for man and beast ; thirdly, energy was stored 
up — e.g. in coal — in the S(‘paration of carbon and oxygen, which again 
becomes available when the products are ('mployed as fuel, and the 
carbon returns to the air as carbon dioxide. Thus the* cycle 

carbon dioxide “ organic ” carbon -> carbon dioxide 

is completed. From the point of view of mass it proxndcs the carbona- 
ceous basis of living organisms ; from the point of view of energy it 
furnishes the source of their activities. 

The decomposition of atmospheri(! carbon dioxide by green plants 
was observed by Prie stley, Senebier, and Ingcaihouss bc‘fore the close 
of the eighteenth century, and Mayer and llelmholt// showed the 
importance of the reaction as a means by which ent rgy is stored. By 
throwing a continuous spectrum upon a filanumt of alga im]')regnated 
with bacteria Avhich are stimulated to active movement only in presence 
of free oxygen, Englemann^ proved that the erurg}^ absorb(;d from 
while light: by chlorophyll is employed by tlie plant in photosynthesis. 
The zoru's of activity of the bacteria were found to coincide? with the 
positions of the absorption bands of the chlorophyll spectrum. 

With regard to the actual process of carbon assimilatioii, Baeyer * 
advanced the theory (hat formaldehyde is the? first product, and that 
this substance polymerises ; thus : 

( O. 4 II^O - H COIl 4- Oo 
(ill- con = CellioOe- 

According to Baeyer the lirst reaction takes place* in two stages, thus : 

CO.,- CO 4- o 

CO + 11,0 + O - H COH 4- O, ; 

but Erlenmcycr ^ assumes the production of formic acid and hydrogen 
peroxide, thus : ^ = H. COOII -j- HjjOa, 

which then interact, giving formaldehyde, water, and oxygen, thus ; 

H.COOH 4 - n.,02 - H-COII 4 - H,0 + 

A somewhat different view was expressed by Bach ^ in the equations 
3H2CO3 - 2H2CO4 + H COH 

H2CO4 =C02 4-H202. 

Erlenmeyer’s views find experimental sup]3ort in the work of Usher 
and Priestley,® who have obtained formaldehyde and hydrogen peroxide 

^ Eiiglemann, Bot. ZeiU^ 1882, 40, 419. 

* Baeyer, Ber., 1870, 3, 66. 

* Erlenmeyer, Ber., 1877, 10, 634. 

* Bach, Compt, rend,, 1893, 116, 1146. 

® Usher and Priestley, Proc, Roy. Soc., 1906, B, 77, 369. 


VOL. V 


H 



114 CARBON AND ITS ALLIES 

from aqueous carbon dioxide in presence of chlorophyll, formic acid 
a])pearin" as an intermediate substance. The same observers have 
shown ^ that this photosynthesis can be copied outside the green plant 
by llie use of a suitable enzyme, but that for the formation of starch 
living non-elilorophyllous protoplasm is necessary. These observa- 
tions are hardly in accord with that of Herzog,^ to the effect that an 
extract of green leaves made like Buchner’s extract of yeast has no 
j)Ower ol‘ (tarbon assimilation, but harmonise with the view that starch 
is not derived from photosynthetic sugar, but is a degradation product 
of proto])]asm. 

The ])roportion of carbon dioxide now present in the atmosphere is 
very nearly 3 parts in 10,000 by volume, or 0*03 per cent. 

In the following table arc included a fe w of the more important and 
recent determinations of the amount of carbon dioxide in the atmosphere. 


Authority. 

Locality. 

Observation. 

Parts of carbon dioxide by 
volume in 10,000 parts of air. 

J. llcisot, Cknnpt. rend., 1879, 

Near Dieppe 

2*942 

88 , 1007 

(mean of 92 determinations) 

A. Potormann and »j. 

Country air, Belgium 

2*944 

tiaii, Chem. Zentr., 1892, 


(mean) 

ii, 201 


Ditto 

In town of Gembloux, 

3*70 


Belgium 

(mean) 

W. C. Williams, /ier., 1897, 

SheTfield 

3*9 

30 , 1450 


(mean of numerous deter- 
minations in cc'iitre of city) 

Ditto 

(Jnc and a lialf mile west 

3*27 


from centre of Shefliold 

(mean) 

M. do Thiori y, Compt. rend.. 

Mount Blanc 

1899, 129 , *315 

altitude 1080 m. 

2-62 

altitude 3050 m. 

2*69 

Ltitts and Blake, Sci. Vroc. 

Belfast 

2*91 

Roy. Dub. Soc., 1900, 9 , 


(mean of 46 determinations) 

part ii, pp. 107-270 



H. T. IJrown and IT. Us- 

Kew 

2*43-3*60 

combe, Proc. Roy. 80 c., 


(minimum and maximum 

1905, B, 76 , 118 


of numerous determina- 
tions during 1898 to 1901) 


The total amount of carbon dioxide in the air is estimated at 2*2 
billion (2*2 x 10^®) tons, and corresponds to the presence of 600,000 
million tons of carbon.^ 

The sources of atmospheric carbon dioxide are respiration of man ^ 
and animals, and to a less degree of plants ; combustion,® fermentation, 
and putrefaction of carbonaceous substances, frequently subterranean. 

^ Usher and Priestley, Proc. Roy. Soc., 1906, B, 78 , 318. 

* Herzog, Zeituch. physiol. Chem., 1902, 35 , 459. 

* Krogh, Meddeleleser am Oroenlandf 1904, 26 , 419. 

* It has been calculated that the human race exhales about one million tons of carbon 
dioxide into the air daily. 

* The world’s consumption of coal in 1913 was approximately 1200 million tons, 
and of this quantity the United Kingdom contributed 287*4 million tons, or approximately 
onC'fourth. 
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The soil is constantly evolving carbon dioxide ; part of this is 
undoubtedly of volcanic origin, and part results from chemical change 
taking place nearer the surface of the soil. For example, small worms 
exhale as much carbon dioxide as human beings, weight for weight, 
and in view of the vast numbers of thes^ and other lowly forms of life 
inhabiting the soil, it is easy to understand that the quantity of carbon 
dioxide evolved is considerable.^ 

Other sources of carbon dioxide arc mineral springs, volcanic vents 
and fissures, and the calcination of carbonates, c.g. limc»burning. It 
was estimated by Boussingault in 1844 that Cotopaxi emitted more 
carbon dioxide annually than w^as produced by combustion and respira- 
tion in the city of Paris. 

The accumulation in the atmosphere of the carbon dioxide derived 
from these various sources is prevented by the process of carbon- 
assimilation carried out in sunlight by green plants, and by the atmos- 
pheric wcathcTing of siliceous rocks, which still continues. The relative 
magnitude of th(\se two proc(‘sses is not known ; nor is it known how 
much carbon dioxide is annually removed from the air by their means, 
though T. C. Chamberlin '** estimates this amount to be 1*62 x 10® 
tons. Neither is it known whether the proportion of carbon dioxide 
in the air is now quite stationary, or whether it is very slowly increasing 
or diminishing. It may be supposed, however, that with the advance in 
human population and civilisation, and the accompanying de})letion 
of forests, the proportion of carbon dioxide must be slowly incrc'asing. 

It has been shown by Arrhenius ® that, owing to the power of 
absorbing terrestrial radiatioris possessed by carbon dioxide, an increase 
in the proportion of this gas in the atmosphere would increase the mean 
temperature of the latter. Thus Arrhenius calculates that if the 
quantity of carbon dioxide in the air were increased threefold the mean 
temperature of the Arctic regions would rise 8^-9° C., and that glacial 
periods may be accounted for by a loss of atmospheric carbon dioxide'. 
Moreover, according to Hogbom,^ it is the intermittent volcanic activity 
of the globe that disturbs the otherwise balanc(‘d proportion of carbon 
dioxide in the air ; hence it would follow that varying volcanic activity 
is the determining cause of varjnng secular climate. This theory has 
not, however, found general acceptance, because it is known that 
variations in the amount of atmospheric aqueous vapour have a great, 
and probably preponderating, influence on terrestrial radiation. 

Preparation of Carbon Dioxide. — Carbon dioxide is generally pre- 
pared in the laboratory by the action of somewhat diluted hydrochloric 
acid on marble r 

CaC03 “f- 2IIC1 — CaCl2 “h* II 2 O C02» 

The appearance of the gas is preceded by the liberation of carbonic 
acid, HgCOg, which, being unstable, decomposes almost completely 
into w^ater and carbon dioxide. The evolved gas, which contains traces 
of hydrochloric acid, may be purified by passing it through sodium 
hydrogen carbonate solution, or it may be collected over water instead 
of by the more usual method of upward displacement of air. 

Dilute sulphuric acid cannot be employed in place of hydrochloric 

^ Friend, Science Progress, 1912, 6, 393, 

® Chamberlin, J» Oedogijj 1899, 7, 682. 

• Arrhenius, Phil. May., 1896 fv], 41, 237; Ann. Physih, 1901, [iv], 4, 690. 

* Hogbom, Svenek Kemiak 1894, 6, 196 ; Chem. Zentral., 1897, i, 452. 
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acid because the marble quickly becomes encrusted with almost insoluble 
calcium sulphate' which ste)ps the action ; if, however, coneentrated 
sulphuric; acid, containing only a very little water, is used, the evolution 
of gas (‘ontinuc's beeause an acid sulphate of calcium is formed which 
remains in solution. 

If sodium carbonate is employed as the source of carbon dioxide 
tlie evolution of the gas is vigorous, whether dilute hydrochloric or 
sulphuric acid is employed. 

Sodium hydrogen carbonate is a convenient source of carbon dioxide, 
which it evolves when gently heated in the solid state or in solution : 

2 NalIC 03 - Na.COa + HgO + COg. 

Normal sodium carbonate is not decomposed by heat until a vc'ry 
high temperature is reached ; calcium carbonate, being the salt of a 
le ss powertiil base, begins to yield its carbon dioxide at about 550° C. ; 
magnesium carbonate, in the form of the mineral magnesite, gives off 
carbon dioxide when gently ignited, and is therefore sometimes employed 
as a source of the gas. 

Cai’bon dioxide may also be; j)r(‘j>ared by the combustion of charcoal 
or coke, and purified from the atmospheric nitrogi'ii with which it will 
be mixed, by causing it to combine with an alkali carbonate, whence 
it is again set free by the action of acids. 

Physical Properties of Carbon Dioxide. — Pure carbon dioxide is a 
colourless and odourless gas with a sharp taste. It is about one and a half 
times as heavy as air, and on this account accumulates in valleys, wells, 
and other loAv-tying spots. Thus the Poison Valley of Java is so named 
because carbon dioxid(‘, issuing from fissures in the earth, remains in 
the vall(;y, and may suffocate an unwary traveller ; and the Grotto of 
Dogs, near Najdes, similarly contains air richly laden with carbon 
dioxide to the de]ith of two or three f(‘et, so that dogs or other small 
animals entering the Grotto are com])ellcd to breathe the gas, whilst a 
mail, walking with his head above the gas, is safe. The heaviness of 
carbon dioxide may be illustrated by pouring, ladling, or siphoning 
the gas from out' vessel to another, its presence being shown by the ex- 
tinction of a tapi'r. The density of the gas at 0° C. and 760 nim. (air = 1) 
is 1*52909 (Lord Rayleigh or 1*52894 (Ledue 2), whilst the value 
calculated from the molecular weight is 1*5201. One litre of carbon 
dioxide at 0° C. and 760 mm. weighs 1*9678 grams.® 

The coefficient of thermal ea^pansion of the gas at constant pressure 
has been determined by Chnppuis ^ to be as follows : 


Pressure. 

0-20® C. 

0-40° C. 

0-100° C. 

At 518 mm. 

., 998 „ 

1377 „ 

0*0037128 

0*0037602 

0*0037972 

0*0037100 

0*0037536 

0.0037906 

0*0037073 

0*0037410 

0*0037703 


^ Rayleigh, Proc. Eoy, Soc., 1897, 62, 204. 

** Leduo, Com.pt. rend.f 1898, 126, 413. 

* J)ietrich, Zeitsdi. awd. CMm., 1864, 4 , 142; see also Parr, «/. Amer. Chem. Soc. 
1909, 31, 237. 

* Chappuis, Trav. et M4m. du Bureau intern, dee Poide et Mes., 1903, 13, 199. 
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Compressibility . — As will be shown below, carbon dioxide is an easily 
condensable gas ; consequently when it is compressed it departs con- 
siderably from Boyle's law. The compressibility at various tempera- 
tures has been measured by Regnault/ Roth,^ and x\magat.^ The 
results of Amagat are given in the following table, which shows the 
values of pv when pv at 0^" C. and 1 atm. = 1. 


Atm. 

O'^ 

10 ° 

20 ° 

30° 

40° 

0 

8 

80° 

100 ° 

137° 

lOS" 

268° 

60 

0105 

0-114 

0-680 

0-775 

0-850 

0-964 

1-096 

1-200 

1-380 



100 

0-202 

0-213 

0-229 

0-255 

0-309 

0-661 

0-873 

1-030 

1-259 

1-582 

1-847 

160 

0-295 

0-309 

0-326 

0-346 

0-377 

0-485 

0-681 

0-878 

M59 

1-530 

1-818 

200 

0-385 

0-401 

0-419 

0-440 

0-468 

0-543 

0-660 

0-815 

1-096 ’ 

1-496 

1-804 

300 

0-659 

0-578 

0-599 

0-623 

0-649 

0-710 

0-790 

i 0-890 

1-108 ! 

! 1-493 

1-820 

400 

0-728 

0-748 

0-77J 

0-796 

0-823 

0-884 

i 0-956 

; 1-039 

1-218 1 

I 1-563 

1-883 

600 

0-891 

0-913 

0-938 

0-963 

0-990 

1-054 

1-124 

! 1-201 

1-362 : 

; 1-678 

— 

700 

1-206 

1-232 

1-259 

1-289 

1 1-319 

1-383 

1-454 

; 1 -529 

1-676 ; 

; 1-956 

— 

1000 

1-656 

1-685 

1-716 

1-748 

1-780 

1-848 

1-921 

1-999 

~ i 

i 

— 


It will be seen from these figures that values of pv at a givc'ii tem- 
perature fall to a minimum as the pressure increases and thcai rise 
again ; or the compressibility reaches a maximum at an intermediate 
pressure and th(?n diminishes again. The following table shows the 
pressures at which reaches a minimum value at different ternpcjratures. 


Temperature ° C. 

Pressure Atm. 

j Temperaturo ° C. 

Pressure Atm. 

0 

35 

70 

162 

10 

45 

80 

179 

20 

57 

90 

196 

30 

76 

100 

211 

40 

101 

137 

247 

50 

124 

198 

255 

60 

143 

258 

i 

218 


The above phenomena are closely conmicted with those of the 
critical state investigated by Andrews,^ who showed that above 31*1® C., 
which is called the critical temperature, no sensible licpiefaction of 
carbon dioxide takes place, whatever the pressure ; whilst below that 
temperature any isothermal, *.e. a curve showing the conned ion between 
volume and pressure at a particxilar temperature, consists of three 
parts representing ; (i) compression of gas, (ii) liquefaction, (hi) com- 
pression of liquid. This is illustrated in Fig. 2, p. 118. 

‘ Regnault, Mim, de VAcad., 1847, 26 , 229. 

* Roth, Wied. Anmhn, 1880, ii, 1. 

® Amagat, Ann. Chim. Phys., 1881, [v], 22 , 353; 1893, [vi), 29 , 68 , 608; Compt. 
rend., 1890, iii, 871. 

* Andrews, Phil Trans., 1869, 159 , 675; see also Knott, Proc. Hoy. Soc. Edin., 1990, 
30, 1. 










Vo/ume 

Fio. 2. — Isotbermala of carbon dioxide, illustrating the critical phenomena. 


remaining values to the liquid ; and the same is true for the values 
of ipv at 80° C., which lies just below the critical temperature. All the 
other values for jpi; in the table relate only to gaseous carbon dioxide. 

These relationships appear clearly from the diagram in which 
isotluTmals are drawn, with pressures in atmospheres as abscissa* 
and the values of pv as ordinates (Fig. 8). If carbon dioxide obeyed 
Boyle’s law these isothermals would be horizontal straight lines. Thus 
the increasing departure of this substance from the condition of an 
ideal gas with lowering of temperature is illustrated, as well as the 
continuity of the gaseous and liquid states, which is especially shown 
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by the parallel lines to the right of the diagram, the last fonr of which 
pertain to licpiid and the rest to gas. The vertical portions of the curve 
below 30° C. represent the progress of liquefaction, and so far correspond 
to the horizontal portions of the curves in the previous figure. 

Liquid Carbon Dioxide. — Carbon dioxide was first lifjucficd by 
Faraday, in 1823, at a little below 0° C. under a pressure of 36 atm. 



(If pv = constant, the isothermal is a horizontal straight line.) 

See also vol. i (this sories), p. 29. 

Faraday’s apparatus was simple. Sulphuric acid acted on ammonium 
carbonate in one limb of a sealed, bent tube, and the gas was liquefied 
under its own pressure in the other limb, which was immersed in a 
freezing mixture. 

The same principle was employed by Thiloricr ^ on a larg('r scale, 
in 1839, the apparatus being made of cast-iron. Mareska and Donny 
improved on Thilorier’s apparatus, with which fatal accidents had 
occurred, by employing two lead cylinders surrounded by copper and 

^ Thiloricr, Anvakn, 1839, 30 , 122. 
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connected by a narrow tube. The carbon dioxide was produced and 

liquefied in the gcuierator, and then distilled into the receiver. 

Nat tcrcT ^ and Bianchi compressed carbon dioxide by means of 
powerful pumps, so that it was licpieiicd in wrought-iron pear-shaped 
vessels. A similar method is still employed, cylinders of mild steel 
being substituted for wrouglit-iron vessels. Carbon dioxide derived 
from fermentation or from mineral springs is similarly compressed. 
Liquid carbon dioxide is employed as a refrigerator, for producing high 
pressures, and in the manufacture of mineral waters. 

The vapour pressures of the liquid at different temperatures have 
been measured by Faraday ^ (1845), Regnault ^ (1SG2), Cailletet * (1878), 
Arnagat ® (1802), Villard ® (1897), Kuenen and Robson’ (1902), and 
Onnes and Weber® (1913). Zeleny and Smith® have obtained the 
following values for the vapour pressures of liquid carbon dioxide : 


LIQUID CARBON DIOXIDE 


Temperature 

Pressure 

atm. 

Temperature 

°C. 

Pressure 

atm. 

~ G5-5 

3-30 

— 40 

9*88 

— GO 

4-35 

~ 30 

14-31 

— 56*4 (triple point) 

5*11 

— 20 

10*52 

~ 50 

6*73 

- 10 

25-83 


The critical constants of carbon dioxide have beem determined by 
different observers as follow^ : 


Critical 

Temperature 

Critical 

Pressure 

Atm. 

Critical 

Volume. 

Critical 

Density. 

a 

h 

Observer. 

30- 92 

31- 35 1 

31-9 1 

31-00 -f 0-10 1 

1 

77-0 

72-9 

77-0 

72-85 0-10 

0-0066 

0-464 

0-00678 

0-00719 

0-00683 

0-001807 

0-001912 

0-001813 

Andrews 

Amagat 

Dewar 

Cardoso and Bell 


The constants a and h are those in van dcr .Waals’ equation : 


(p + “.) (v-b)= RT. 

^ Nattcrer, J. prakt. Chem., 1845, 35, 169. 

* Faraday, rhil. Tram,^ 1823, 113, 160; 1845, 135, i, 155. 

® Bcgnaiilt, dc VAcud,, 1862, 26, 335. 

* Caiilotot, Arch, de Ge7iim, 1878, 66, 16. 

® Afuagat, Compt. rend,, 1891, 113, 446; 1892, 114, 1322. 

« ViUard, Ann, Chim, Fhijs,, 1897, [vii], 10, 387. 

’ Kuenen and Robson, Fhil, Mag,, 1902, [vi], 3, 622. 

* Onnes and Weber, Proc, K, Akad, Wetensch, A tmkrdam, 1913, 16, 215. 

* Zelony and Smith, Physiked. Zeitsch,, 1906, 7, 667. 
w Andrews, Phil, Trans., 1876, 166, 421. 

^ Araagat, Compt. rend., 1892, 114, 1093. 
w Dewar, Phil, Mag,, 1884, [v], i8, 210. 

Cardoso and Bell, J. Chim, phys,, 1912, 10, 497. 
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Liquid carbon dioxide is colourless ; it is soluble in alcohol and 
ether, but does not mix with water ; it dissolves various substances, 
among which arc naphthalene and camphor, carbon disulphide, some 
hydrocarbons, boric acid, phosphorus pentachloride, arsenic and 
antimony tribromides, and yellow phosphorus ; but iodine and bromine 
are only slightly soluble, and inorganic salts arc insoluble in liquid 
carbon dioxide.^ 

The density of liquid carbon dioxide at v’^arious temperatures 
com])ared with that of the gas with w^hich it is in equilibrium is shown 
by the following results obtained by Amagat ^ : 


Temperature ° C. 

Liquid density 

Gas density. 

0 

0*914 

0*096 

10 

0*856 

0*133 

20 

0*766 

0*190 

30 

0*598 

0 33t 

30*5 

0*574 

0*356 

31 

0*536 

0*392 

31*35 

0*464 

0*464 


It will be observed how these values approach each otlier towards 
the critical temperature at which, of course, they become identical. 

Solid Carbon Dioxide. — When a quantity of liquid carbon dioxide 
evaporates quickly the heat of vaporisation is withdrawn from the 
remaining liquid, which consequently freezes to a snowlike mass. 
This fact was observed by Thilorier ; and an apparatus was dci vised 
by Natterer to be fixed to the valve of a cylindcT of liquid carbon 
dioxide, so that when the valve is opened and the liquid is forced out 
by the pressure of the gas within the cylinder a quantity of carbon 
dioxide “ snow ” may be obtained. The apparatus consists of a 
cylindrical nu'tal box, made in two parts which fit tightly together, and 
provided with a tube for the entrance of the liquid carbon dioxide, 
and pierced with holes beneath tw’^o hollow handles through which 
the gaseous carbon dioxide may escape. A piece of coarse canvas 
held over the valve of the cylinder whilst the liquid is escaping 
suffices, however, to collect some of the solid without the use of 
the box. 

Solid carbon dioxide is crystalline, and has been obtained in cubes 
ard octahedra ® ; when formed by the cooling of the liquid in bulk 
it is colourless and transparent like ice. It evaporates in the air without 
melting ; this process is slow, however, because of the high heat of 
vaporisation. 

The sublimation temperature at atmospheric pressure is — 78*2'' C. ; 
and the vapour pressures at different temperatures are shown in the 
following table (Zeleny and Smith *) : 

^ Biiolmor, Zeit^ch. physikal Chem,^ 1906, 54, 666. 

^ Amagat, Compt. rend,, 1892, Z14, 1093. 

’ Behi^en, Physical Remew, 1912, 35, 66. 

* Zeleny and Smith, Physikal, Zeitsch., 1906, 7, 667. 
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Temperature ® C. 

Pressure. 

i 

Temperature ® C. 

Pressure. 

— 50*4 (triple point) 

5*11 atm. 

— 100 

119 mm. 

60 

3-92 „ 

— 110 

43 

— 70 

1-88 „ 

— 120 

14 „ 

~ 80 

657 mm. 

— 130 

2-5 „ 

-90 

288 „ 

— 150 (Nernst) 

0 05 „ 


The density of the compressed “snow”^ is 1 * 2 , whilst that of the 
“ ice ” is 1*56 at — 79° C. The “ snow ” may be handled without harm, 
but when pressed upon the skin for twenty seconds or more it produces 
blisters. 

Solid carbon dioxide is now a commercial article, and is used thera- 
peutically with more or less success in the treatment of the following 
diseases : warts, moles, erysipelas, eczema, lupus, and certain ulcers.^ 
When employed in conjunction with certain liquids solid carbon dioxide 
is a valuable cooling agent. By passing a current of air at 18° C. through 
the following mixtures the following temperatures are obtained ® : solid 
carbon dioxide with ethyl or metliyl alcohol — 85° C., with methyl 
chloride or acetaldehyde — 90° C., with ethyl acetate — 95° C., with 
acetone — 98° C. ; whilst if the air is previously cooled to — 80° C. the 
temperature obtained with acetone is — 110 ° C. The theory of these 
phenomena from the standpoint of the phase rule has been worked 
out by Iloozeboom.^ 

Interrelationships of the Physical States of Carbon Dioxide. — ^When a 
substance can exist in three physical states there is one condition under 
which the three states co-exist in equilibrium. If these states are 
represented on a pressure-temperature diagram (Fig. 4) this condition 
is expressed by a point called the triple point. The triple point for 
carbon dioxide is at — 56*4° C. and 5*1 atm. pressure ; and it is repre- 
sented in Fig. 4 at Oi. 

OjA, OjB, and OjC arc the boundaries between liquid and vapour, 
solid and vapour, and solid and liquid respectively, and show the 
dependence of boiling-point, sublimation-point, and melting-point 
respectively upon pressure. The point O 4 corresponds with — 7*5° C. 
and 2800 kg. per sq. cm. The upper part of the curve O^C, i.e. the 
part O4C, is broken to show a mctastable condition, and the curves 
O 4 D and O 4 E are the boundaries of two forms of solid carbon dioxide 
discovered by Tammaim.® Solid I can exist under the conditions 
represented by the curve O 4 C as far as 10*5° C. and 4000 atm., but when 
the pressure is lowered it melts and passes into the more stable Solid II. 
The curve O4E, along which Solid II and liquid can co-exist in equili- 
brium, has been traced as far as 10*9° C. and 8487 atm. When the 
pressure on Solid I above — 7*5° C, is increased the solid does not 
mcit. but approaches the condition represented along the curve O 4 D, in 

^ I^aiKlolt, Bcr.y 1884, 17, 309. 

* See Carbon Dioxide Snow, by J. Hall-Edwards (Simpkin and Co., 1913). 

* Moissan, Compt. rend., 1901, 133, 768. 

* Koozeboom, Heterogene Olei-chgewichte, 1904, ii, 340. 

® Tammann, Wied. Annahn, 1899, 68, 571, 029 ; Chem, ZerUr., 1912, ii, 598. 
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which the two solid forms are equally stable. This curve has been 
traced to 15° C. and 4900 atm. O 4 is thus a triple point at which liquid 
carbon dioxide and its two solid forms co-exist in equilibrium, and by 
extending the curves AO^, BOj, DO 4 , and EO 4 , the imaginary triple 
points O 2 and O 3 come into view. 

Specific Heat . — The specific heats of carbon dioxide and of other 
gases have been determined by the method of Regnault,^ which consists 



Fia. 4. — Equilibrium diagram of the physical states of carbon dioxide. 


in leading the heated gas through a spiral tube immersed in water 
and determining the amount of heat given up to the water ; and by 
the method of Mallard and Le Chatclier,* in which, from the pressure 
developed in an enclosed space by explosion, the temperature attained 
is calculated, and thence from the known thermal data of the reaction 
the specific heat of the gas is derived. 

Holborn and Austin,^ employing the method of Rcgnault, estimated 

^ Regnault, Mdm. de VAcad., 1862, 26, 1. 

® Mallard and Le Chatclier, Comjit. rend., 1881, 93, 962, 1014, 1076; 1887, 104, 1780; 
Wied. Beibl, 1890, 14, 364. See also Berthelot and Vieille. Ann. Chun. Phya., 1885, [vi], 
4, 13 ; Sarreau and Vieille, ComjA. rend., 1882, 95, 26; 1886, 102, 1054. 

^ Holborn and Austin, Sitzungaber. K. Akad. Wiaa. Berlin, 1905, 175. 
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the specific heat of carbon dioxide at constant pressure and different 

temperatures to be : 


Temperature ” C. 

Specific Jicat. 

Temperature ® C. 

Specific Heat. 

0 

0*2028 

400 

0*2502 

100 

0*2161 

600 

0*2678 

200 

0*2285 

800 

0*2815 


the general expression being : 

Ct = 0*2028 + 0*0001384^ -- 0*00000005^2^ 

Holborn and Ibaming ^ have more recently obtained a slightly different 
expression : 

Q -= 0*2010 + 0*0000742^ ~ 0*000000018/2 ; 

and Swann, 2 employing an electrical method, found the specific heat 
to be 0*20202 at 20^ C. and 0*22121 at 100° C. 

Various thermal properties of carbon dioxide at low temperatures 
have been studied by Jenkin and Pye.® 

The ratio of the specific heats at constant pressure and constant 

volume tieen estimated by numerous observers. Owing 

to the variation of the specific heat with pressure this ratio must corre- 
spondingly vary. The following values have been estimated by 
Amagat^ at 50° C. and various pressures : 


Atm. 


Cp/Cv. 

50 

• • • • 

1*708 

60 

• • • . 

1*903 

70 

• • • * 

2*327 


II. W. Moody ^ has found Cp/Ci; at 20° C. and 760 mm. pressure to 
be 1*3003, whence Cii has been calculated to be 0*2008 under the same 
conditions. 

The molecular heat of carbon dioxide at constant volume (Cn) 

and the ratio = y, have been estimated by Crofts * by finding the 

temperature at which mixtures of this gas with electrolytic gas are 
fired by adiabatic compression ; and the values of Cv have also been 
calculated from the formula 

Cv = 6*6 + 0*0023/, 
with the following results : 


^ Holbom and Heaning, Ann. rhjsih, 1907, 23 , 841. 

* Swann, Proc. Jtoij. Soc., 1909, A, 82 , 147. 

* Jenkin and Pye, Phil. Trans., 1913, A, 213 , 67. 

* Amagat, Compt. rend., 1895, 121 , 862. 

* Moody, Physikal Zeitsch., 1912, 13 , 383. 

* Crofts, Trans. Chem. 80c., 1916, X 07 , 306. 
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Temperature Interval “ C. 

1 

Y 

Cv observed. 

Cv calculated. 

15-532 . 

1*254 

7*815 

7*823 

15-545 . 

1*253 

7*847 

7*853 

15-557 . 

1*252 

7*878 

7*881 

15-570 . 

1*251 

7*909 

7*911 


The heat of sublimation of solid carl)on dioxide was found Bchri ^ 
to be 142*4 calorics per gram at — TO'" C. ; and the heats of vaporisation 
per gram of liquid carbon dioxide at differe nt temperatures are, 
according to Caill(;tct and Mathias, ^ as follow : 


t^C. 
— 25 
0 

300 

30*82 


Pleat of Vaporisation. 
72**23 calories. 
57*48 „ 

11*00 


The heat of formation of carbon dioxide* is the same as the heat 
of combustion of carbon (q*v,), and therefore varies according to the 
kind of carbon which is burnt. Thomsen ® gave the value 90,960 
calories for (CjOg) by the combustion of wood -charcoal ; whilst the 
values obtained by Berthelot * were : 

Diamond. Graphite. Amorphous (Carbon. 

94,310 calories. 94,810 calories. 97,050 calories. 

Through explosion in a calorific bomb, Berthelot ^ obtained the value 
68,300 calories for the reaction (CO,0). 

Decomposition of Carbon Dioxide. — Carbon-dioxide gas is very 
stable, and requires a high temperature for its deconijiosition. The 
thermal dissociation of this gas was first invesLigat(*d by St. Claire- 
Dcvillc,®who passed a rapid stream of it through a porcelain tube heated 
to about 1300® C., and coll(‘cted the issuing gas over potash solution. 
In this way the carbon dioxide was pro\ (id to be dissociated into carbon 
monoxide and oxygen to the extent of about 0*2 per cent. Le Chatelier 
investigated the equilibrium represented by the equation 

2 CO 2 ^ 2CO -f O 2 

by igniting an explosive mixture of 2 volumes of carbon monoxide 
and 1 volume of oxygen which issued rapidly from a gas-burner, and 
causing the hottest part of the flame, whose temperature was estimated 
to be 8000® C., to impinge upon a pierced silver tube through which a 
stream of water passed. The gascis were thus drawn from the flame 
through the hole in the tube, and were collected and analysed. In 

^ Behn, Ann. Physikt 1900, i, 275. 

* Cailletet and Mathias, J. Phystqtte, 1880, [ii], 5 , 562 ; 1887, 6 , 414. 

* Thomsen, Thermochemische Untersuchungen, 1882, ii, 283. 

* Berthelot, Compt, rend., 1889, 108 , 1144. 

^ Berthelot, Ann. Chim. Phys., 1878, [v], 13 , 11 ; 1881, [v], 23 , 177. 

® St. Claire-Deville, AnumUn, 1866, 134 , 124 ; 135 , 94. 

’ Le Chatelier, ZeiUch, phyaikal, Chem., 1888, 2 , 782. 
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this way the dissociation of carbon dioxide was estimated to amount 

to 40 per cent, at 3000*^ C. 

From this result, and assuming the gas pressure to be 1 atmosphere, 
Trevor and Kortwright ^ have calculated the percentages of dissociation 
of carbon dioxid ' at different temperatures and pressures to be as 
follow, the heat of dissociation Q^, also being derived from the 
temperature : 


Teinp.^C. 

0001 

001 

0-1 

1 

10 

JOO Atni. 

Qe. 

1000 

0*11 

005 

0021. 

001 li 0005 

00024 

—02,662 cals. 

1500 

9-5 

4(5 

2-2 

1*0 

0-5 

0-2 

—56,125 „ 

2000 i 

57 7 

34-7 

18-3 ! 

90 

4*3 

20 

—46,767 „ 

2500 

S7 0 

69-6 

460 ' 

25-7 

130 

6*3 ! 

- 34,640 „ 

3000 

93-9 

83*4 

62-7 

[40-01 

21-6 

10*8 

-19,742 „ 

3500 

95-4 

87*0 

69-7 

461 

25*7 

130 

0 

4000 

951 

86*4 

66-6 I 

1 

! 

45*0 

24-9 

12-6 

+18,343 „ 


It will be observ('d that the extent of dissociation reaches a maximum 
at about 8500° C.at all pressures, and that at this temperature the heat 
of dissociation, which has been increasing from a negative value with 
rising temperature, passes through the zero-point and becomes positive. 
The figures in this table arc calculated from a single experimental value, 
that of the dissociation at 3000° C. under 1 atm. ; nevertheless the few 
other existing experimental values su})p()rt them. The following 
results for the dissociation of carbon dioxide below 1300° C. have more 
recently been obtained by Nernst and v. Wartenberg,^ Langmuir,^ 
and Loewenstein ^ : 


Temperature ° C. 

Per Cent, (di.ssociation). 

Observer. 

1027 

000414 

N. aiKl W. 

1122 

00142 

La. 

1127 

001-002 

N. and W. 

1170 

0025 

La. 

1205 

0029--0035 

N. and W. 

1225 

00471 

La. 

1277 

004 

Loc. 

1292 

0064 

La. 


They agree accurately with values calculated from a formula. 

The dissociation of carbon dioxide in the carbon monoxide-oxygen 
flame has been investigated by Haber and Rossignol, by the method 


^ Trevor and Kortwright, Avmt, Chem, J., 1894, i 6 , 618. 

^ Nemst and v. Wartenberg, Zeitsch. physikal Chem,, 1906, 56 , 648. 
® I»angraif|r, J. Amer. Chem, Soc., 1906, 28 , 1357. 

* Loewenstiein, Zeitsck pkysikal Chem,, 1906, 54 , 716. 
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of Devillc, and these authors find that the value of the equilibrium 
constant K in the equation 

K-[CO,|/[CO] x[0,]i 

(where the brackets denote partial pressures) is about 4, which corre- 
sponds to a dissociation of about 37 per cent., the temperature of the 
flame being 2600^-2670° C.i 

The dissociation of carbon dioxide at very high temperatures has 
been determined by Bjerrum,^ by an explosive method, to be as follows : 

T. ° abs. . . . 1500° 2640° 2879° 2945° 3116° 

Dissociation per cent. . 0*04 21*0 51*7 64*7 76*1 

Carbon dioxide is dccoin})Osed into carbon monoxide and oxygen 
by means of electric sparks, a fact first observed by Henry ® ; whilst 
Buff and Hofmann ^ found that the decomposition is more rapid if 
steel electrodes are used, since these combine with the liberated oxygen. 
Even then, however, the decomposition is not com])l('te,® but it rises 
to 65 per cent, when the pressure is reduced to 1 mm,® The silent 
electric discharge,^ ultra-violet light,® and radium rays ® also decompose 
carbon dioxide. 

Carbon dioxide is decomposed by purely chemical means by heating 
sufliciently elcctro})ositive metals in the gas. Aluminium, for instance, 
reduces the gas according to the reaction : 

2A1 f 3 CO 2 = AI 2 O 3 + 3CO, 

and a piece of burning magnesium ribbon continues to burn in the 
gas with separation of carbon, thus : 

CO 2 f 2 Mg = 2 MgO + C, 

whilst potassium burns brilliantly in a stream of carbon dioxide with 
formation of carbonate and separation of carbon, thus : 

3 CO 2 + 4K - 2 K 2 CO 3 + C. 

Absorption Spectrum of Carbofi Dioxide, — C'arbon dioxide is a 
colourless gas which shows no visible absorption spectrum ; two 
absorption bands occur, however, in the infra-red part of the spectrum, 
the maximum intensities of wliich correspond to the wave linigtlis 2*6 
and 4*36 fi. The atmosphere shows these lines, and they are shown 
also by a flame in which carbon dioxide is being produced. Since 
they represent the absorption of radiant ciKTgy, they are the visible 
expression of the power possessed by carbon dioxide of hindering 
terrestrial radiation, which, according to Arrhenius, has had a great 
influence on climate. 

Solubility of Carbon Dioxide, — ^Water at atmospheric temperature 
dissolves about its own volume of carbon dioxide. The solubility 

^ Haber and Rossignof Zeitsch. phyaikal Chem.t 1909, 66, 181. 

* Bjemim, Zeitsch, physikal Chenu, 1912, 79, 513, 637. 

* Henry, Phil Trana., 1800. 

* Buff and Hofmann, Trans. Chem, Soc,, 1800, 12, 293. 

® Dixon and Lowe, Trans. Chem. 80 c. ^ 1885, 47, 571. 

« Collie, Froc. Chem. 80 c., 1902, 17, 168. 

’ Brodie, Phil. Trans., 1874, 164, 83 ; Holt, Tram. Chem. 80 c., 1909, 95, 30. 

* Chadwick, llamsbottom, and Chapman, Proc. Chem. 80 c., 1906, 22, 23; Herche- 
finkcl, Compt. rend., 1909, 149, 395. , 

* Cameron and Ramsay, Trans, Chem, 80 c., 1908, 93, 967. 

Angstrom, Wied, Annalen^, 1890, 39, 267 ; Paschen, Wied. Anruikn., 1893* 50, 409 
1894, 51, 1, 40 ; 52, 209 ; 53, 334. 
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cof fficicnt c was determined by Bunsen ^ at different temperatures 
with the following results : 

Temperature C. - 0^^ 5® 10" 15" 20" 

c 1-7907 1-4497 1-1847 1-0020 0-9014 

the general equation being : 


c = 1-7907 - 0-07701^ + 0-001 0424f^. 

Th(‘ following values have been obtained more recently by Bohr 
and Bock ^ (e = vol. j>er vol. ; g — gram per 100 grams.) : 


Temp. “ C. 

c. 

0 - 

Temp. ° C. 

c. 

9 - 

0 

1-713 

0-3347 

18 

0-928 

0-1789 

1 

1-0 to 

0-3214 

19 

0-902 

0-1730 

2 

1-584 

0-3091 

20 

0-878 

0-1089 

3 

1-527 

(>•2979 

21 

0-854 

0-1041 

4 

1-473 

0-2872 

22 

0-829 

0-1591 

5 

1-421 

0-2774 

23 

0-804 

0-1541 

c 

1-377 

0-2081 

24 

0-781 

0-1494 

7 

1-331 

0-2590 

25 

0-759 

0-1459 

8 

1-282 

0-2494 

20 

0-738 

0-1407 

9 

1-237 

0-2404 

27 

0-718 

0-1307 

10 

1-194 

0-2319 

28 

0-099 

0-1328 

11 

1-151 

0-2240 

29 

0-082 

0-1293 

12 

1-117 

0-2100 

30 

0-065 

0-1259 

13 

1-083 

0-2099 

35 

0-592 

0-1106 

14 

1-050 

0-2033 

40 

0-580 

0-0974 

15 

1-019 

0-1971 

45 

0-479 

0-0802 

10 

0-985 

0-1904 

50 

0-436 

0-0702 

17 

0-950 

0-1845 

60 

0-359 

0-0577 


y\t low pressures the solubility of carbon dioxide in w^ater accords 
with Henry’s law' ; but at high pressures solubility does not keep pace 


with })ressure, so that the ratio p diminishes instead of remaining 
constant. The following results were obtained by Wroblewski * : 


P. (atm). 

S at 0** C. 

8 

P 

1 

1-797 

1-797 

5 

8-65 

1-730 

10 

16-03 

1-603 

15 

21-95 

1-463 

20 

26-65 

1-332 

25 

30-55 

1-222 

30 

38-74 

1*124 


^ Bunsen, Oa^ometriache Metkoden, 1857. 

® Bohr and Bock, Wied. Annalen, 1891, 44 , 318. 
® Wroblewski, Wied, AnnaUn» 1883, 18 , 290. 
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Sander^ finds, however, that Henry’s law is llie more ik arly followed 
the higher the temperature, and that at 100 ° C. the solubility of carbon 
dioxide in most solvei-d.s is proportional to the pressure. 

When carbon dioxide has been dissolved in water under pressure — 
as, for instance, in the manufacture of mineral waters — the excess does 
not immediately leave the solution upon removal of the excess of 
pressure. The state of supersaturation is, however, disturbed by 
particles of dust or a rough surface. 

A crystalline hydrate, ^ CO 2 * 81120 , is formed from water at about 
0 ° C, and carbon dioxide at 25 atm., which is permanent until the f)ressurc 
is reduced to 12*7 atm. The hydrate may, however, be COs-GlLD.® 

The solubility of carbon dioxide in alcohol is more than twice its 
solubility in w^ater ; it is given by the expression ^ : 

c = 4*3294 — 0*09426^ + 0 * 0012351 .^ 2 . 

This gas also dissolves in many other organic solvents, in all of which 
it is distinctly more soluble than in water. The dcjwession of the 
freezing-point of benzene and acetic acid by dissolved carbon dioxide 
shows that this substance possesses the normal molecular Aveight in 
these solutions.^ The solubility of carbon dioxide in colloidal liquids 
and fine suspensions has been investigatc^d by Findlay, Creighton, 
Shen, and Williams,® and the influence of non-clectrolytcs on the- 
solubility of this gas in water by Usher. 

Carbonic Acid. — When carbon dioxide dissolves in water it ]>roduccs 
a feeble acid which turns the colour of ordinary blue litmus a port- 
wine red® and discharges the crimson colour of phenolphthalcin, but 
scarcely affects methyl orange. This acid is (rncta) carbonic acid, 
H 2 CO 3 , formed by the hydroxy lation of carbon dioxide, thus : 

CO 2 +H 20 ^C 0 ( 0 H) 2 . 

When an aqueous solution of carbonic acid is boiled the acid is 
compk'tcly decomposed, with the escape of carbon dioxide, so that 
the original colour of an indicator, which had been changed by tlu* 
carbonic acid, is restored. 

The acidity of carbonic acid is due to its dissociation into the ions 
H* and HCO3', thus : 

HaCOa^H* H- HCO 3 ' ; 

and the extent to which this reaction has taken place when equilibrium 
is reached is indicated by the electric conductivity of the solution. 
This conductivity was measured, first by Pfeiffer,® later by Knox,^® 
and also by Walker and Cormack,^^ 

^ Sander, ZeitscK physikal Ghem.f 1912, 78, 513. 

* Wroblewski, Wied, AnnaleUt 1883, l8, 290 ; Hcmpel and Seidel, Bcr.^ 1898, 31, 2997. 

* Villard, Compt. rend.t 1894, 119, 368 ; Ann, Phys. Chem., 1897, [vii], ii, 289. 

* Heinrich, Zeitsch, physikal Che?n., 1892, 9, 435. 

® Garelli and Falciola, Atti R. Accad. Lincei, 1904, [v], 13, i, 110. 

“ Findlay and Creighton, Trans. Chem, Soc., 1910, 97, 530 ; Findlay and Shen, 1912, 
loi, 1459; Findlay and Williams, 1913, 103, 636; see also Findlay and King, 7'rans. 
Chem> Soc., 1913, 103, 1170; 1914, 10$, 1297; also Findlay and Howell, Trans. Chem 
80 c., 1916, 107, 282. 

’ Usher, Trans. Chem. Soc., 1910, 97, 66. 

* Water saturated with oarbon dioxide should turn litmus the full acid colour. TJiat 
it does not is probably due to the presence of chalky impurity in the litmus. 

® Pfeiffer, Ann. Phys. Chem., 1884, 23, 626. 

Knox, Ann. Phys. Chem., 1896, 54, 44. 

Walker and Oormaok, Trans. Chem. Soc., 1900, 77, 8. 
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The following results were obtained by Walker and Corniaek at 
a temjx rature of 1 S'" C. : 

CAUIiOXrC ACID, H.co^ 



From Marble 

!i 

ij 

1! 


From solid 002- 


/>. 

X«, 

T- 

K |i 

I; 


Xr. 

' Y- 

1 

1 

31-25 

1-03S 

o-oosoo 

00g306 

27*5 

0-972 

! 0-00289 

O-OJlOa 

02-5 

1-475 ^ 

O-OO 130 

309 

.55-0 

1-36K 

! 0-00107 

303 

t)3-7 

1-<S0() : 

0-00536 

308 1 

82-5 

1-670 

0 00500 

301 

125-0 

2-083 1 

0-00620 
Mean . 

309 ' 
O-OfiOOS i 

110-0 

1-030 

i 000575 
Mean . 

302 

0-0^301 


where 


X, 

Y 


volume in litres containifig 1 gram-moleeule of CO^ 
luoleeular conductivity deterinincd by experiment 
pro])orl ion of acid dissociated 



Xj) 

33 (; 


where 


336 


= moh^cnhir conductivity 


infinite dilution 


at 


K = dissociation constant 


(1 - y)v 


(Ostwald’s dilution law ^). 


The figures under y convey no information as to the degree of 
hydroxylation of the carbon dioxide in solution ; that is as to what 
proportion has been converted into some of which is subse- 

quently dissociated, and what j>roportion remains as COg ; they show, 
howevcir, the ratio of the concentration of H‘ ions to the possible concen- 
tration if all the carbon dioxide were present as dissociated carbonic 
acid. 

Since the strength of an acid is indicated by the rclativ^e magnitude 
of its dissociation constant K it is us(‘ful to compare the relative strengths 
of carbonic and other acids. 

In the table on the opposite page arc given the dissociation con- 
stants of the more common weak inorganic acids, together with 
their percentage ionisation in decinormal and centinormal solutions, as 
calculated by the aid of Ostwald’s dilution formula {vick snpra). The 
\’alues for hydrochloric acid are calculated direct from the conduc- 
tivity at the above-mentioned concentrations and at infinite dilution. 
These figures are of practical utility. Thus, if equivalent quantities 
of acetic and carbonic acids compete for an equivalent of a base in 
decinormal solution, we are able to say that the base will be shared 
between the acids in the ratio 1*3 : 0*25, the acetic acid thus taking about 
five times as much of the base as the carbonic acid. 


^ This series, vol. i, p, 222. 

* Walker, Trans. Chem. Soc., 1903, 83 , 182. 
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Acid. 

T<‘nip. 

° 0. 

K 

100 Y 

■ “r 

N/ioo ; N /10 

Sola. ' Soln. 

Hydrochloric,^ Cl-H 

IS 

_ 

07 1 

92*0 

Nitrous,® NOo-II 

25 

5 X 10' * 

200 

5*0 

Acetic,® CJI.ba-H 

IS 

1-8 X Hr ® 

4*2 

1*30 

Carbonic,*" 1IC0,-1I . 

18 

3 X 10- 7 

0*774 

0*25 

Carbonic,® HCO3-II . 

4 

5 X 10- * 

29*0 

9*5 

Sulphyclric,® IIS-II 

18 

9 X 10- ® 

0*42 

0*13 

Boric,* IlaiiOj-lI 

18 

.'>•8 X 10-'® 

0*012 

0*013 

Hydrocyanic,® CN-H . 

18 

1-3 X 10- ® 

0*030 

0*011 

Water,® HO-H . 

18 

0-71 X 10”** 




The degree of ionisation of the second hydrogen atom of H2CO3 has 
been estimated by several observers, the most reliable value ’ being : 


_ CO,/' X H* 
liCOg' 


= 6 X 10-11 


The “ true strength ” of carbonic acid has been estimated by Thiel 
and Strohecker.® By the “ true strength ” is meant the degree of 
ionisation of the TlgCOg actually formed rather than the ionisation 
with reference to COg dissolved. It has been found that in a 0-00812-M 
solution of carbon dioxide at 4° C. only 0-67 per cent, is present as carbonic 

acid. The “ true strength ” of carbonic acid is tlierefore times its 

strength found from conductivity measurements. Thus the true 
dissocifition constant is 5 x 10“^ instead of 3 X lO"’ ; and the acid 
is fo\md to be twice as “ strong ” as formic acid. Such a conclusion 
might be anticipated, since carbonic acid is hydroxyformic acid. 

The Carbonates. — Carbon dioxide might be expected to undergo 
hydroxylation in two stages, producing respectively metacarbonic acid, 
C0(0H)2, and orthocarbonic acid, C(011)4. 

It has been shown, however, that even the formcT acid is unstable, 
and neither the latter acid nor its inorganic salts exist. Alkyl ortho- 
carbonates are, however, known, e.g. ethyl orthocarbonate, C(dC 21X5)4. 


^ Noyes, Carnegie Publication^ No. 63, 1907, pp. 137, 262 ; Zeitsch. phyaikal Cliem,, 
1910, 70 , 335. See this series, vol. viii, p. 105. 

^ See this series, vol. i, p. 223. 

® Kohlrausch and Holbom, Zeitsch, physihal Chem.^ 1894, 14 , 321. 

* Walker and Cormack, Trans. Chem, Soc., 1900, 77 , 6 , 

* Thiel and Strohccker, vide infra. 

® Calculated from data given by Lunden, J. Chim. phys., 1907, 5 , 574. 

’ Auerbach and Pick, Arbeiten aus d. Kaiserlich. Gesundheitsamtf 1912, 38 , [iv], 562. See 
also ** General Equations for the Neutralization of Dibasic Acids, and their Use to Calcu 
late the Acidity of Dilute Carbonate Solutions,” E. B. K. Prideaux, Proc, Roy. Soc., 1915, 
A, 9h 635. 

* Thiel and Stroheoker, Ber., 1914, 47 , 945. 
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Carbonic acid, HgCOg, readily decomposes into HgO and CO 2, 
and the carbonates tend to undergo a similar reversible reaction : 

MCOg^^^^MO +CO2. 

The stability of a carbonate depends on the strength of the base con- 
tained in it. Thus the alkali carbonates arc scarcely decomposable 
at a white heat ; the alkaline earth carbonates lose carbon dioxide 
at a red heat, barium carbonate being the most stable of the three ; 
carbonates of magnesium, zinc, copper, etc., lose carbon dioxide even 
more readily, and are prone to form basic carbonates, the formation 
of the normal salt by precipitation requiring the presence of excess of 
carbonic acid. Metalloids such as tin and antimonj^ and extremely 
electronegative metals like gold and platinum, form no carbonates. 

The carbonates of the alkali metals are readily soluble in water ; 
other carbonates are very slightly soluble, or practically insoluble. So 
far as water can act on carbonates, it hydrolyses them into free base 
or basic salt and free carbonic acid or hydrogen salt. Thus sodium 
and calcium carbonates undergo the following reactions with water — the 
former considerably, the latter, owing to its small solubility, very slightly : 

Na.COg+HgO ^NaOH + NaHCOg 

CaCOa + 2 H 2 O Ca(OII)2 + Ca{HC 03 ) 2 . 

The former of these reactions has been carefully studied. It may be 
otherwise represented : 

Na2C03 2Na* + CO3" 

CO3" + H2O ^ OH' + IICO3'. 

The extent of hydrolysis in aqueous solution is indicated by the 
amount of alkalinity developed, that is by the excess of OH' over 
ir ions in the solution. Such alkalinity cannot be estimated by titra- 
tion because the disturbance of equilibrium by the addition of H’ ions 
is accompanied by further hydrolysis till equilibrium is restored. 

The saponification of an ester, however, is a reaction which may 
be utilised, since neither H' nor OH' ions are thereby added to the 
solution, and the rate of such saponification is directly proportional 
to the concentration of OH' ions. This method has been employed by 

Shields,^ who found that the sodium carbonate in a solution is 

hydrolysed at 25° to the extent of 3* 17 per cent. 

Bicarbonates. — Only the most electropositive metals form bicar- 
bonates or hydrogen carbonates. The bicarbonates of the alkali 
metals, excepting lithium, are known in the solid state, and are less 
soluble in water than the corresponding carbonates. They show a 
progressive stability with increase in electropositiveness from sodium 
to cflesium.* The bicarbonates of litliium, calcium, strontium, barium, 
and ferrous iron exist only in solution, and are more soluble in water 
than the normal carbonates. 

Double or Complex Carbomtes. — Salts of the type MKH(C03)2, 
where M is cobalt, nickel, or magnesium, were obtained by Deville,® 

^ Sbieldf), Zeitach. physikal Cham., 1893, I2, 167, 

• Oaven and Sand, Trans. Cham. Soc., 1911, 99, 1369; 1914, 105, 2752. 

® Deville, Ann. Chim. Phys., 1851, [iii], 33, 76. 
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and were converted into salts of the type MK 2 (C 03)2 by heating their 
solutions. Other complex salts of the same type, whose constitution 
is probably K'COg'M-COg'K, were prepared by Reynolds.^ 

The metallic carbonates, bi carbonates, and complex carbonates 
will be dealt with under the individual metals. 

Physiological Action of Carbon Dioxide.^ — Respiration in man 
is directly related to the proportion of carbon dioxide in the air of the 
lung alveoli. Breathing regulates the fluctuations due to varying 
carbon dioxide production within the body, or varying carbon dioxide 
pressures in the inspired air ; and there is maintained during rest a 
fixed partial pressure of about 5*6 per cent, or 40 mm. witliiii the lungs. 
A rise of aboiit 0*22 per cent, or 1-6 mm. in this pressure increases the 
rate of breathing by 100 per cent., and o. corresponding diminution of 
alveolar carbon dioxide causes apnoca ^ (cessation of natural breathing). 

“ When the alveolar carbon dioxide rcach(\s about 8 per cent, 
dizziness and loss of memory, etc., begin. With higher percentages 
there is loss of consciousness, but no immediate danger till the per- 
centage exceeds 20 or 30. Recovery is rapid and complete.” ® 

The action of carbon dioxide within the blood desponds upon the 
formation of carbonic acid, and the consecpient hydrion concentration 
reached by this acid. Apart from the fluctuations caused by varying 
carbon dioxide pressure, this concentration is rcgulat(jd with ex(piisitc 
exactitude, chiefly by the kidneys.^ 

As regards the relation between oxygen and carbon dioxide in the 
blood, oxygenation of the blood in the lungs helps to drive out carbon 
dioxide and increases by about 50 per cent, the amount of carbon 
dioxide given off at each round of the circulation ; whilst the de- 
oxygenation of the blood in the tissues helps the absorption of 
carbon dioxide and diminishes by about 40 per cent, tlie rise of carbon 
dioxide pressure and of hydrion concentration in the venous blood. 
Thence it follows that the giving off of carbon dioxide by th(‘ Jungs is to 
a large extent consequent on the taking up of oxygen.* 

Detection and Estimation of Carbon Dioxide. — Carbon dioxide is 
detected by its action on lime-water, which it turns milky owing to 
the precipitation of calcium carbonate. Baryta water may be used 
instead of lime-water. Owing to its formation of a feeble acid with 
water, carbon dioxide turns the colour of blue litmus solution,^ or 
moistened litmus paper, to a port-wine red. On boiling tlic solution, or 
drying the paper, the blue colour returns, because of the decomposition 
of the carbonic acid. 

Carbon dioxide may be estimated : (i) gasometrically, (ii) gravi- 
metrically, (iii) titrimctrically. 

(i) The proportion of carbon dioxide in a gaseous mixture is esti- 
mated by the diminution of volume which takes place when a measured 
volume of the gas is shaken with concentrated potash or soda solution, 
or allowed to stand in contact with the moistened solid alkali. All 
other gases which combine with alkali, such as sulphur dioxide, nitrogen 
peroxide, and chlorine, must, of course, be absent from the mixture. 

^ Reynolds, Trana. Chem. Soc,^ 1898, 73 , 262. 

* Campbell, Douglas, Haldane, and Hobson, J. PhysioL, 1913, 46 ^ 301. 

“ Private communication from Dr. J. S. Haldane. 

* Christiansen, Douglas, and Haldane, J. Physiol^ 1914, 48 , 244. 

^ See note * on page 129 
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The estimation is carried out by the use of Hempel’s or other apparatus 

for gas analysis. 

(ii) Carbon dioxide is estimated gravimetrically (a) by the Joss 
of weight consequent upon the evolution of the gas from a carbonate, 
(b) by the direct weighing of such evolved gas after its absorption 
by alkali, (c) by converting the evolved carbon dioxide into barium 
carbonate, which is wciighcd. 

(a) The amount of carbon dioxide in a carbonate or mixture of 
carbonates may occasionally be estimated by ignition. For instance, 
the proportion of chalk in a mixture of this substance with quick- 
lime might be so estimated ; likewise the proportion of sodium bicar- 
bonate mixed with carbonate, by rcickoning the loss on ignition as 
carbonic acid (HgCOg). This method, however, is of limited applica- 
tion unless means arc taken to retain the water which is frequently 
present in basic carbonates, and would also be evolved on ignition. 
More often the carbon dioxide is evolved by the action of acid upon 
the carbonate contained in a specially constructed apparatus such 
as that of Geisslcr or Schrotter. When the action of the acid is com- 
pleted the resulting solution is warmed, and air is then aspirated through 
the apparatus to displace the remaining carbon dioxide, loss of water- 
vapour being prevented by causing the escaping air to bubble through 
concentrahed sulphuric acid. The loss in weight of the whole apparatus 
is the weight of the carbon dioxide expcdlcd. 

(b) A more accurate, and indeed the most satisfactory, way of 
estimating carbon dioxide is to cause the evolved gas to pass through 
drying tubes containing sulphuric acid or calcium chloride, and then 
into strong potash solution contained in potash bulbs,” to which 
is attaclied a small calcium chloride tubcj to retain water-vapour carried 
forward by the passing gas. This method is employed for the estima- 
tion of carbonates, which are decomposed by acid ; and also for deter- 
mining the carbon and hydrogen present in an organic compound. For 
this purpose the compound is bxirnt in a stream of air or oxygen in a 
combustion tube with the aid of copper oxide, the resulting water- 
vapour being absorbed in calcium chloride and the carbon dioxide in 
potash. Soda-lime con tained in a U-tube together with calcium chloride, 
to absorb water- vapour from the soda-lime, may be employed in place 
of potash. 

(c) The amount of carbon dioxide in a gaseous mixture or in aqueous 
solution can be estimated by causing it to react with ammoniacal 
barium chloride solution, and then carefully collecting, washing with 
CO^-free water, drying, and weighing the resulting barium carbonate. 

(iii) The carbon dioxide in a gaseous mixture — as, for instance, in 
air — is detennined by titration (Pettenkofer). A measured volume 
of standard baryta water is added in excess to, and shaken with, a 
known volume of the gas in a large bottle, and the remaining baryta 
is then titrated with standard acid in presence of phenolphthalein. 
From the amount of baryta carbonated the amount of carbon dioxide 
in the gas is calculated. 

Alkali carbonates in solution are also estimated by well-known 
volumetric methods. 

It has been shown by Warburg^ that a hot solution of barium 
hydroxide absorbs carbon dioxide far more rapidly than a cold solution, 

^ Warburg, Zeitach. phyaioL Chem,^ 1909, 6i, 261. 
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and that by this means small quantities such as 0*001 gram may be 
estimated. 

Davies and McLt Uan ^ have described a modification of the Lunge- 
Zeckendorf method of estimating carbon dioxide in the air, depending 
upon the number of strokes of a pump driving 50 c.c. of air per stroke 
through standard baryta water containing ))hcnolphthalcin, which are 
necessary to decolorise tlu* solution. 


PERCARBONIC ACID AND ITS SALTS 


Pcr-acids arc derivatives of hydrogen pd-oxide, and, like that 
substance, contain a chain of two oxygen atoms. This cliaiu may, 
liowever, occupy an internal or an external jjosilioii with reJ'erence to 
the rest of the molecule ; the differeucc^ is illustrate d by ])(T(U- and 
permono-sul]:)huric acids, in ilu‘ former of which the oxygen chain is 
internal, in the latter necessarily C'Xtc'rnal, one only of the two hydrogen 
atoms of H 2 O 2 being replaced by an acidic group, thus : 


O—SOgOH 

d— sOjOii 

rcrclisiilpliuric acid. 


O— SOgOH 

in 

Perm on oMiilpb uric acid. 


It may be remarked that the former is prepared eh cirolylically 
and results from the union of hvo — OSOoOll groups at the anode, 
whilst th(^ latter is obtained by chemical means. 

Two percarbonic acids may similarly be supposed to exist : 


0_COOII 

d— coon 


O— coon 
I 

on 


H,C„0« 

Perdicarboilic acid. 


H 2 CO 4 

Pcrmonocarbonic acid. 


The first formula may be ap[)lied to th(‘ perearhonate obtained by 
el{‘ctrolysis ; a pcrcar))onate of dilTercut constitution results from 
the union of a siiperoxide and carbon dioxide, to which the second 
formula may be applied. It may be noted also that an isomer witli 

the former acid is possible, viz. 


Potassium pcrcarbonate, was first y^repared by Constam 

and von Hansen,*'* in 1897-8, by the electrolysis of a concentrated 
solution of potassium carbonate at — 10° C, to — 15° C., and by sub- 
sequent treatment was obtained nearly y^urc. The following reaction 
appears to have taken place : 

KOCOOK OCOOK 

-^2K+] 

KOCOOK OCOOK ; 


and the product was a bluish- white, amorphous powder, stable at 
atmospheric temperature in the dry state, but decomyjosed by cold 
water with the evolution of oxygen, which comes off in a continuous 

* Davies and MoLellan, J. Soc, Chem. Ind,, 1909, 28, 232. 

^ Bach, e/. Muss, Phys, Chem. 800., 1897, 29, 373 ; Ghent,. Zentr., 1897, [ii], 828. 

» Constam and von Hansen, Zeitsch. Elektrochem., 1897-8, 3, 137, 445, 



ise CARBON AND ITS ALLIES 

stream at 45 ° C. It is important to note that sodium pcrcarbonate 
could not be prepared by electrolysis because the carbonate does not 
yield a suflicicntly strong solution with water. 

Alternative methods, however, of preparing sodium pcrcarbonate 
are by the interaction of sodium carbonate and hydrogen peroxide, 
or of sodium peroxide and carbon dioxide. Tanatar ^ employed the 
former method, and isolated two salts having the composition 
2Na2C04.3H20 and 2Na2CO4.H2O2.2H2O, but was in doubt whether 
these were true pca’carbonates or compounds of sodium carbonate 
with hydrogen peroxide. By the interaction of solid hydrated sodium 
peroxide and solid carbon dioxide Bauer ^ obtained a pcrcarbonate of the 
composition Na.2C04, according to the reaction : 

Na^O.filTsO + CO2 =Na2C04 + 8H2O. 

By means of hydrogen peroxide Kasanezky ^ has prepared the 
potassium salt 2K2^^^5*^^^2^ or 2f(K'0*0*)2C0].5H20 and the am- 
monium salt NH4*0*0*C0*0*NH4.2H20 ; whilst Wolffenstein and 
Peltncr,^ by the interaction of sodium peroxide and carbon dioxide, 
obtained not only the salt 2Na2C04.3H20, previously prepared 
by Tanatar, but “ sodium dioxide dicarbonate ” Na2C206 ; and in 
other ways “ sodium trioxidc dicarbonate ” NaHC04 or Na2C207, 
another salt isomeric with this, and “ sodium trioxide carbonate ” 
NagCOg. Subsequently Pedtner ® obtained the following rubidium salts 
from the carbonate and hydrogen peroxide : Rb2CO4.2H2O2.H2O, 

Rb2CO4.H2O2.2H2O, and 2Rb2C04.5H20 ; and shortly afterwards 
Riesenfeld and Reinhold,® after preparing pure potassium pcrcarbonate, 
KgCaOg, by electrolysis, attacked the problem which was pressing in 
view of the supposed existence of all the above salts, as to whether a 
true pcrcarbonate could be distinguished from a compound of a carbonate 
with hydrogen peroxide. 

These authors found tliat the electrolytic pcrcarbonate immediately 
liberates iodine from a cold solution of potassium iodide without loss 
of oxygen according to ilie equation : 

+ 21' 2CO3" + I2. 

This reaction is not due to the previous liberation of hydrogen 
peroxide, since this substance reacts but slowly with potassium iodide. 
Tanatar’s pcrcarbonate, however, prepared from carbonate and hydrogen 
peroxide, liberates oxygen when mixed with neutral potassium iodide 
solution, and was therefore supposed to be a compound of carbonate 
and hydrogen peroxide. At the same time doubt was thrown upon 
the nature of Wolffenstein and Peltner’s pcrcarbonates. Thereupon 
ensued a controversy between Riesenfeld ^ on the one hand and Tanatar * 
and Wolffenstein ® on the other ; at the end of which Riesenfeld and 
Mau^® maintained that a true pcrcarbonate can be distinguished from 

^ Tanatar, Ber., 1899, 32, 1644 ; J. Russ. Phys. Chem. Soc., 1902, 34, 962. 

- Bauer, Chem. Zentr., 1903, [ii], 1034. 

^ Kasanezky, J. Russ Phys. Chem. Soc., 1903, 35, 67 ; 1902, 34, 202. 

* Wolffenstein and Peltnor, Ber., 1908, 41, 280. 

6 Peltner, Ber., 1909, 42, 1777. 

® Riesenfeld and Reinhold, Ben, 1909, 42, 4377. 

’ Riesenfeld, Ber., 1910, 43, 666, 2594. 

« Tanatar, Ben, 1910, 43, 127, 2149. 

■' Wolffenstein, Ber., 1910, 43, 639. 

Riesenfeld and Man, Ber., 1911, 44, 3689, 3595. 
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carbonates containing hydrogen peroxide of cr^ stalJisation by the 
quantitative liberation of iodine from neutral potassium iodide solution, 
and subsequently classified carbonates containing ):)(Toxidie oxygen 
in the following way: (1) carbonates cont lining hydrogen peroxide 
of crystallisation, €,g, 2Na2C03.3H202 ; (2) monoperoxy-earhonates, e,g. 
Na2C04 ; (3) percarbonates (monoperoxy-di carbonates), c.g, NagCgOg. 
The latter salt, prepared from sodium peroxide^ and carbein dioxide, 
since no sodium percarbonate can be prepared by electrolysis, 
differs in its behaviour towards })otassium iodide, and therefonj in 
constitution, from electrolytic potassium percarbonate ; consequently 
Riesenfeld and Man preparc'd a potassium jica-carbouate from potassium 
peroxide and carbon dioxide, and found that it jiossesscd the composi- 
tion KgCgOg, and resembled Na2C203 in chemical reactivity. Thus 
two isomeric potassium percarbonates were found to exist — one pre- 
})ared by electrolysis which was believed to have the constitution 
K0*C0‘0*0*C0*0K, and the other prepared from ]K)tassium peroxide 
and carbon dioxide to which tlu^ constitution K0*0*C0*0 C0*0K was 
attributed, and which resembled the only (‘xisting sodium percarbonate 
of the same empirical composition. 

To the compound Na2C04 the (‘onstitution NaO-O-CO-ONa was 
attributed, and consequently electrolytic K2^2^^6 Na2C()4 stand 

in the same relation to one another as perdi- and pc'rmono-sulphatcs. 
Thus ; 

OCOOK 
OCOOK 

Electrolytic percarbonate. 

OSOjOK 

isO^OK 

Pordisnlphato. 


OCOONa 

I 

ONa 

Monopcroxycjirbonate. 

OvSO.OK 

I 

OH 

Per monosulph a te . 


Barium percarbonate is formed when cjirbon dioxide gas is passed 
through barium peroxide suspended in water ; for hydrogen ])eroxidc 
only ap})ears in quantity in the solution after a considerable time. 
The gas is first absorbed to form the percarbonate, and when no barium 
peroxide remains the liquid bccomt:s acid, and the percarbonate is 
hydrolysed with the liberation of hydrogen peroxide.^ 

Percarbonic acid itself is very unstable, but if electrolytic potassium 
percarbonate is decomposed by phosphoric acid in presence of ether, 
the liberated percarbonic acid dissolves in the ether, and from this 
ethereal solution the potassium salt may be regenerated by adding 
potassium hydroxide. 

Percarbonic acid may be estimated by decomposing its salts with 
dilute sulphuric acid, and titrating the liberated hydrogen peroxide 
with permanganate. 

* E. Merck, D.R.P, 179,771, December 1006; also DJi.P 178,019 and 179,826. 
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AMINO-DERIVATIVES OF CARBONIC ACID 


When the hydroxyl groups of carbonic acid are replaced successively 
by ainitio- (Nil 2 ) groups there are produced respectively carbamic acid 
and carbamide. 


CO 


/Oil 

^OH 


CO 


/NH 2 

\OH 


CO 


/NII 2 

\NII2 


Carbonic acid. 


Carbamic acid. 


(^Virbarnidc. 


Carbamic Acid, HO-CO-NHg, the half-amide of carbonic acid, is 
unknown, but several of its salts exist, the most important of wliieli 
is ammonium carbamate, Nll 4 ()-CO*Nl-l 2 . This salt is formed by the 
union of carbon dioxide with ammonia : 

CO2 + 2NII3 = NH4CO2NH2, 

which is best effe cted by passin/^ the mixed, dry gases tlirough absolute 
alcohol. Ammonium carbamate also occurs, togc^ther with ammonium 
l.ki carbonate, in commercial carbonate of ammonia, prepared by sublima- 
tion when a moistened mixture of calcium carbonate and ammonium 
sulphate is lu.'ated ; it gradually sublimes at atmospheric temperature 
from this compound, and is frequently deposited in transparent prisms 
upon the neck of the bottle containing tlic commercial salt. The car- 
bamate may also be obtained from the commercial salt by acting 
upon it for thirty or forty hours with saturated solution of ammonia at 
20 '^- 25^ C.^ ; but dilute ammonia solution, like water, conve rts carbamate 
in solution into normal carbonate. When vaporised, ammonium 
carbamate is completely dissociated into ammonia and carbon dioxide. 
This is shown by the vapour density, ^ which is 0-892 (air = 1 ) between 
37° C. and 100 ° C. Recombination on cooling is slow, owing to the 
necessary intramolecular change. Sodium and potassium carbamates 
and a basic calcium salt, NIT 2 *CO*OCa(OH), are known. Ethyl car- 
bamate, NHa-CO-OCalls, is urethane. 

Carbamide, or Urea, CO(Nll 2 ) 2 , the amide of carbonic acid, may 
be briefly noticed here. 

Urea was discovered by Rouelle in 1773, investigated by Fourcroy 
and Vauquelin in 1790, and prepared from ammonium cyanate by 
Woliler in 1828 » : 

NCONH 4 - C0(NH2)2. 

Urea may be prepared from urine by evaporation and extraction of 
the residue with alcohol ; or by precipitating from the concentrated 
urine the sparingly soluble nitrate or oxalate, which are sxibsequcntly 
decomposed by potassium carbonate and chalk respectively. 

Like other amides, carbamide can be prepared by the action of 
ammonia on the corresponding acid chloride, which is carbonyl chloride 
or phosgene, COClg : 

COCI2 + 4 NH 8 - C0(NH2)2 + 2NH4CI ; 

^ Divers, Tram, Chem. Soc., 1873, 23, 215. 

* Naumann, Annalen, 1869, 150, 1. 

• Wohler, Fogg. Anrialenf 1828, 12, 253. 
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urea may also be prepared from ammonium carbamate, wJiieh loses 
water when heated to 130° to 140° C. : 

/NH 2 /NHo 

eXX - CO( + HgO ; 

M)NIl4 \nH2 

but it is best obtained from ammonium cyanate accordin^r to the 
transformation discovered by Wohler. For this ])ur})os(‘ j)()tassium 
cyanate is first prepared by oxidising polassiinn cyanide by fusing it 
with red lead, or by the oxidation of potassium ferroeyanide by means 
of potassium dichromate. The ]>otassiinn cyanate is thc'u extracted 
with water and cva[)oratcd with, its equivalent of amnioninin snlj)hate; 
and from the mixtiire of potassium sulphate and urea which forms 
the residue the lattc^r is extracted by means of alcohol, from which it 
may be crystallised. 

Urea crystallises in quadratic prisms which melt at 132° C. and 
decompose at a hif^lKT temperature. The transformation of ammonium 
cyanate into urea is a reversible reaction, and the iiKchanism of the 
chanjTC has bec'ii the subject of much rc;search and theorisin^.^ 

Ur(‘a is very soluble in hot and cold water; it dissolves in 5 parts 
of cold and in 1 part of boiling alcohol, but is practically insoluble 
in ether. 

Being the amide of a weak acid, urea has distinctly basic pro^xTlies, 
although its aqueous solution is neutral in reaction. 

Urea hydrochloride^ C0(NH2)2.HC1, is fornu'd with the evolution 
of heat by the union of IICl gas with urea in abse nce of water. It 
forms crystals which are completely decomposed by waiter. 

Urea nitrate, CO(NIl 2 ) 2 .HN 03 , though moderately soluble in water, 
is almost insoluble in nitric acid, and is therefore formed as a crystalline 
precipitate when this acid is added to a sufliciently concentrated solution 
of urea ; the formation of this salt is a characteristic; reaction of urea. 

Urea oxalate, 2 C 0 (NH 2 ) 2 -Il 2 C 204 , crystallises in rnonoclinic plates 
when concentrated solutions of urea and oxalic acid are mixed. 

Reactions of Urea. — ^When urea is heated above its melting-point 
it loses ammonia and is converted into biund, NHa-CO-NH’CO-NIIg, 
and other products.^ When biuret is dissolved in alkali and a drop 
of dilute copper sulphate solution is added to the liquid, a purple 
colour is produced. This reaction constitutes a valuable test for ure a. 
Like other amides, urea is not decomposed by cold alkali, but when 
warmed with alkali hydroxide solution it forms alkali carbonate with 
evolution of ammonia. Urea behaves similarly to ammonium salts 
towards hypochlorite or hypobromitc and nitrite solutions, i,e, its 
nitrogen is evolved in the gaseous state. Thus with hypobromitc 
solution the following reaction takes place : 

C0(NH2)2 + SNaOBr = SNaBr + 2 II 2 O + COg + N^. 

The measurement of the nitrogen evolved in this reaction serves to 

^ Walker and Hambly, Trans, Ckem. Soc,, 1895, 67, 746 ; Walker and Kay, ibid., 
1897, 71,489; Groldsohmidt, i/ettecA. EleJdrocttem., 1905, ii, 5; EHcales, Chem. ZeiL, 
191 1» 3S» 595 ; Chattaway, Trans. Chem. Soc., 1912, loi, 170 ; Whcclor, J. Amer. Chem. 
Soc., 1912, 34, 1269 ; Lewis and Burrows, J. Amer, Chem. Soc., 1912, 34, 1515 ; E. A. 
Wemer, Trans. Chem. Soc., 1913, 103, 1010, 2275. 

2 E. A. Werner, Trans. Chem, Soc., 1913, 103, 2275. 
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estimate urea, though experience shows that the voliaiie of nitrogen 

liberated corresponds to only 92 per cent, of the urea. 

The similarity between the reactions of ammonia and urea towards 
nitrous acid is shown by the equations : 

2NH3 + N0O3 = 2N2 + 3 lL ,0 
co(nh 2)2 + n;o 3 == 2 N 2 + 2 H 2 O + CO.,. 

The second equation represents the reaction between warm solutions 
of urea and nitrile ; if the solutions are cold only half tlie amino- 
nitrogen reacts with the nitrite and the remainder a})pears as ammonium 
carbonate, thus : 

2C0(NH,)3 + N/J 3 2 N 2 + (NH,),C03 - 1 - CO,. 

Concentrated hydrochloric acid converts urea into carbon dioxide 
and ammonium chlorid(% cyanic acid being an intermediate product.^ 


CARBON DISULPHIDE, CS,, AND ITS DERIVATIVES 

Carbon disulpliide is formed w'hen carbon and sulphur arc heated 
together, and is cons(?quently produced wlicn coal containing iron 
])yrites is distilled. In this way it w^as discovered accidentally by 
Lampadius*^ in 179G, and again by Clement and Desormes in 1802, 
who, after at first supposing it to be a compound of hydrogen and 
sul})hur, subsequently proved that it contained only carbon and sulphur. 
It remained, however, for Vauquelin fully to elucidate the nature of this 
compound by showing that when its vapour is passed over heated 
co})})cr, carbon and copper sulphide result. Besides occurring in 
small quantity in coal-gas, from which it should be eliminated, carbon 
disulphide is also found in crude petroleum and in mustard oil. 

Preparation. — Carbon disulphide is preparc'd by passing sulphur 
vapour over red-liot charcoal. This may be doiuj on a small scale 
by heating pieces of charcoal contained in a combustion tube placed 
in a furnace slightly tilted. To the lower end of tlie tube a Liebig’s 
potash bulb is attached, and is immersed in ice. Small pieces of sulphur 
are introduced into the uj>per end of the tube, which is then closed 
with a cork. Sulphur vapour passes over the red-hot charcoal and 
impure carbon disulphide, containing sulphur in solution, is gradually 
formed and collects in the cooled receiver. The reversible reaction 

C + 2S CS, 

has been studied at 8()0°~1100® C. by Koref.^ 

For the manufacture of carbon disulphide on a large scale the 
charcoal is contained in a large vertical cast-iron cylinder 10 to 12 ft. 
high and 1 to 2 ft. in diameter. This is surrounded by brickw^ork 
and heated by a fire beneath, the sulphur being introduced through 
a hopper connected with a side tube at the base of the cylinder. The 
carbon disulphide vapour is led away from the top of the cylinder by 
a pipe, the end of which dips under water, where most of the product 
condenses. Beyond the w^ater-condenser is a series of tubes in which 

^ See under Cyanic Acid. 

® Lampadiufl, QehlerCa AUg, J, Chenu^ 1796, ii, 192. 

* Koref, Zeitsch. amirg. Ghem,, 1910, 66, 73. 
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the condensation is completed and the compound thus freed from 
hydrogen sulphide, which is subsequently absorbed in slaked lime. 

In a recent American process ^ carbon disulphide is prepared in an 
electric furnace wliich produces 3000 kilograms per diem. 

Crude carbon disulphide has a very offensive odour due to the 
presence of organic sulphur compounds ; sulphur, also, is contained 
in solution, which is left behind on redistillation. Organic impurities 
are eliminated by distilling over fat, which retains them. Contact 
with mercury, corrosive sublimate, solid potassium permanganate, 
and fuming nitric acid serves tJie same purpose. 

Physical Properties. — Pure carbon disulphidci is a colourless, highly 
refractive liquid with a pleasant aromatic smell resembling that of 
chloroform. Its density at 0° C., according to Tliorpe,^ is 1-2923 ; 
according to Wiillner® the density at f can be calculated from the 
formula DJ — 1-29366 — 0-001506^. The vapour density^ of CSg is 
2-68, whilst that corresponding to the molecular weight would be 2 62. 

The boiling-point^ at 760 mm. pressure is 46*25‘^ C. ; according to 
Regnault ® the va})our pressures at different temperature's are as follow : 


Temp, 

Vapour 

Pressure 

mm 

Temp. 

Vapour 

Pressure 

mm. 

I’enip. 

^ 0 . 

Vapour 

Pressure 

mm. 

-20 

47-3 

40 

617-53 

100 

3325*15 

- 10 

79-44 

50 

857-07 

110 

4164*06 

0 

127-91 

60 

1164-51 

120 

5148*79 

10 

198-46 

70 

1552-09 

130 

6291*60 

20 

1 298-03 

80 

2032-53 

140 

7603-96 

30 

434-62 

90 

2619-08 

150 

9095-94 


The constants ’ for van der Waals’ eejuation are : 

a = 0-02166 ; b = 0-003209, 
and the critical temperature and pressure, respectively : 

277-68® C. and 78*14 atmospheres. 

At very low temperatures CS 2 solidifies to a crystalline mass which 
melts at — 110° C,® or — 108-6° C.® or — 112-8° The fusion curve, 
showing the connection between pressure and melting-point, lias been 
determined by Tammann.^^ 

^ Taylor, Zeitsch, Elektrochem,, 1903, 9, 679, 982. 

^ Thorpe, Trans. Ghem, Soc., 1880, 37, 364. 

® Wullnor, Pogg. Annalen^ 1868, 133, 19. 

• V. and C. Moyer, Ber., 1879, ii, 2257. 

® Von Unroll, Zeitach. anorg. Ghem.t 1902, 32, 407. 

• Regnault, M4m. de VAcad., 1862, 26, 339. 

Hannay, Proc. Roy. Soc., 1882, 33, 314. 

® Wroblewaki and Olszewski, Campt. rend., 1883, 96, 1142. 

• Carrara and Coppadoro, Zeitach. physikal. Chem., 1903, 44, 379 
Holbom and Wien, Zeitach. phyaik^. Chem,, 1903, 44, 80. 

Tammann, Zeitach, physikal. Chern.f 1912, 81, 187. 
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The total heat of vaporisation ^ (X) of CS 2 at 0® into vapour at 
is gfiven by the expression : 

X -= 89-5 4- ()*i6993^ - 0 0010161/* -f 0 0000030245/3; 

Calories per kg. 

whilst the* la tent heat of vaporisation (r) of liquid at /® into vapour at 
is given thus : 

r = 89-5 - 0 00530/ — 0-0010979/2 -f- 0-0000034245/3. 

Calorics per kg. 

The constant K for the molecular rise of boiling-point of carbon 
disulphide 2 is 23*7. The specific heat of liquid carbon disulphide is ^ : 

Ciiq. == 0-2352 + 0-000162/, 
and of the vapour at 86®-190® 0. is : 

Cyap. = 0-1596 (Regnault), 
whilst the ratio at 99-7° C.^ is 1-234. 

Carbon disuljilhde possesses high optical refractive and dispersive 
power, in which it is exceeded only by methylene iodide, bromonaph- 
thalenc, and phenyl-mustard oil. On this account it is used for filling 
hollow glass prisms for producing spectra. 

The following arc the refractive indices ^ for lines of different wave 
lengths of the visible spectrum at 0° C. and 20° C. : 


Wave Length. 

Refractive Index at 0“ 0. 

Refractive Indc.K at 20® C. 

589-31 

(») 

1-64362 

1-62761 

533-85 


l-655<)8 

1-63877 

480(11 


1-67131 

1-65466 

441-59 


1-C88.")() 

1-67135 

394-41 

)♦ 

1-71989 

1-70180 


Carbon disulphide is an endothermic compound, its heats of forma- 
tion as va})Oiir from rhombic sulphur and amorphous carbon and 
diamond being respectively : 

C (amorphous) -f 2S = CSg (vap.) — 25,430 calorics. 

C (diamond) + 2S = CSg (vap.) 26,000 „ 

Carbon disulphide is an excellent solvent for fats and resins, and is 
employed technically for the extraction of vegetable fats and oils, 
and for removing fat from wool. It also dissolves rubber, camphor, 
and other organic substances, as well as iodine, sulphur, and phosphorus. 

Carbon disulphide is slightly soluble in water, its solubility diminish- 

* Winkelmann, Ann, Phyaihf 1880, 9 , 208, 358. 

* Beokmann, Zeitsch. pkysikal. CJiem,, 1890, 6 , 437, 

* Bcgnaiilt, M4m, de VAcad., 1862, 26 , 1, 262. 

* Stevens, Ann, Physik^ 1902, [iv], 7 , 286. 

* Flatow, Ann, Phydkt 1903, [iv], 12 , 85. 

® Thomsen, Zeitsch, physikal, Chem,, 1906, 52 , 348. 
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ing with rising temperature like that of a gas. One hundred cubic 
centimetres of water dissolve the following quantities of carbon disul- 
phide at the corresponding temperatures ^ ; 

Temp. ® C. . . 0 ° 10 ® 20 ° 30° 40° M)° 

Gram CSg . . 0-204 0194 0-179 0-155 0-111 0 014 

100 c.c. of carbon disulphide dissolve 0-974 c.c. of water ® at 22 ° C. 

Chemical Properties. — Carbon disulphide is not easily decomposed 
by heat, and no change is observed when it is passed througli a tube 
at 400° C. Decomposition may be started by detonation with mercury 
fulminate, but is not proi)agated through the vapour.^ Dissociation 
according to the reaction 

CS, C + S^, 

winch is considerable at high temperature, is promoted by the presence 
of metals with which the sulphur can combine, the carbon separating 
as graphite. A lower sulphide of carbon, C 2 S 3 or CS, has been supposed 
to be formed.^ 

The electric arc, electric sparks, and the silent electric discharge 
decompose carbon disulphide ; in the latter case it has been shown 
by Dewar and Jones ® tliat the lower sulphide CS is formed, together 
with free sulphur. 

Carbon disulphide burns in the air with a blue flame, producing 
carbon dioxide and sulphur dioxide. Moisture is not necessary to 
combustion.® The vaiiour undergoes phosphorescent combustion in 
oxygen, thus showing “chemiluminescence’’ l)elow its temperature 
of ignition. This phenomenon may begin at 230° C. and persist until 
the temperature falls below 200 ° C., although the temperature of ignition 
is about 260° C. Owing, however, to its gradual or “ silent ” combustion, 
with the accompanying chemiluminescence, no defluite ignition tempera- 
ture can be assigned to this substance. In this property it resembles 
carbon monoxide, but differs from the hydrocarbons. The flame of 
carbon disulphide show’^s a continuous spectrum and is strongly actinic. 

The following facts with regard to the combustion of carbon disul- 
phide have been established by Dixon and Russell.'^ TJie combustion 
is not preceded by a decomposition of the substance into its elements, 
so that no carbon is separated ; the reaction cannot be expressed 
by a single equation. With excess of oxygen the products are carbon 
dioxide, sulphur dioxide, sulphur trioxidc, and free sulphur ; and 
in the explosion wave there occur carbon monoxide, carbonyl sulphide, 
and unchanged carbon disulphide. With insuflicient oxygen the 
products are : carbon dioxide, sulphur dioxide, carbon monoxide, 
carbonyl sulphide, and carbon disulphide ; limitation of oxygen reduces 
the sulphur dioxide formed, but even the minimum amount of oxygen 
is always divided between the carbon and sulphur. 

Carbon disulphide forms an explosive mixture with air or oxygen. 
The explosive limits with oxygen are 1 volume of oxygen to 1 J volume 

^ Chancel and Parmontier, Compt, renid,, 1885, 100, 773. 

* Herz, Ber., 1898, 31, 2869. 

® Dixon and Kussell, Trans. Chem. JSoc., 1889, 75, 612. 

* Arotowski, Zeitsch. anarg. Ckem.^ 1895, 8, 314. 

® Dewar and Jones, Proc. Roy. 80c. ^ 1910, A, 83, 408, 526. 

* Brereton Baker, Phil Tram., 1888, 179, 682. 

^ Dixon and Kussell, Tram. Chem, 80c., 1899, 75, 612. 
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of carbon disulphide vapour, and 6-^7 volumes of oxygen to 1 volume of 

carbon disulphide vapour. 

When a mixture of carbon disulphide vaj^our and air is burnt in a 
Smithell’s separator the interconal gases are found to consist of equal 
volumes of sulphur dioxide and carbon monoxide, with sulphur vapour 
and some unclianged carbon disulphide, together with small quantities 
of carbonyl sulphide and carbon dioxide. 

Apiirt from combustion, carbon disulphide can be oxidised and 
reduced, and also made to undergo additive reactions, the most promi- 
nent of which is its combination with alkalis to form thio- or sulpho- 
salts. 

Oxidation of Carbon Disulphide. — Hypochlorite solution converts 
carbon disulphide into carbonate and sulphate,^ thus : 

CSo + 8KOC1 + 6KOII = 2K2SO4 + K2CO3 + 8KC1 + SU^O. • 

In the absence of alkali, oxidation — ^as, for instance, by permanganate 
solution, bromine water, nitric or iodic acid — involves the separation 
of sulphur. Sulphur trioxidc produces carbonyl sulphide, thus : 

CS2 + 3SO3 == COS + 4SO2. 

Water and aqueous alkalis hydrolyse carbon disulphide at 150 ° C., thus ® : 

CS2 + 2H2O = CO2 + 2II2S ; 

and baryta water, when heated with carbon disulphide in an atmosphere 
of nitrogen, brings about a similar change : 

CS2 + 2Ba(OII)2 = BaCOg + Ba(SH)2 + II2O, 

whilst the hydrosuljjhide is converted by contact with air into sulphate.^ 

Reduction of Carbon Disidpldde. — ^Just as by the reducing action of 
hydrogen on carbon dioxide formic acid, formaldehyde, methyl alcohol, 
and methane may be directly or indirectly produced, so similarly from 
carbon disulphide the following compounds should result : 

HC:: HC^ H3CSH H4C 

\SH MI 

Thioforraic acid. Thioformaldeliyde. Methylmercaptan. Methane. 

Thioformic acid is unknown, but thioformaldehyde, polymerising 
to trithioformaldehyde, (H 208)3, results from the reduction of carbon 
disulphide by nascent hydrogen ® ; methyl mercaptan cannot be 
obtained directly from carbon disulphide, but methane is commonly 
prepared by passing its vapour, together with hydrogen sulphide, over 
heated copper : 

eSa + 2H2S + 8Cu = 4CU2S + CH4. 

Thio-acids and Salts derived from Carbon Disulphide. — Carbon 
disulphide, like the dioxide, is the anhydride of a feeble acid : thiocar- 
bonic acid, H2CS3. Moreover, between carbonic and thiocarbonic acids a 

^ Ritsema, Chem. Zentr.f 1904, ii, 1495. 

* Armstrong, Ren, 1869, 2, 712. 

* Schlagdonhauffen, J. Pharm,, 1856, riiil, 29, 401. 

* Chancel and Parmontier, Oompt. rend,, 1884, 99, 892. 

* Girard, Compt, rend,, 1866, 43, 396. 
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number of intermediate aci(Js are caj)al)lc of existence. 'J'hey are us 
follow : 

/Oil /OH /Sn /SH /SIl /SII 

oc( sc( oc( so( ocC sc( 

\OII ^OH ^OH M)II \SI1 ^Sli 

Carbonic Tliion- Thiol- ThioIMiiori- Ditliiul- I'liiocarbonio 

acid. carbonic carbonic carbonic carbonic acid, 

acid. acid. acid acid 


It was discovered by Berzelius tliat wIkmi carbon disulphide is broui^ht 
into oonlaet with sodium sulphide solution the former dissolves, pro- 
ducing a solution from which alcohol precij)itatcs sodium thiocarbonate, 
Na 2 CS 3 , as a yellow i.sh-brown oil. From this salt dilute hydrochloric 
acid separates the free acid, llgOSg, as a yellow oil, wliicli ]K>ssesses a 
very disagreeable odour and is decomposetl by heat into FSg and IIoS. 
Thus it is iKileworthy lliat IlaCS^ is more stable than ITgCO-j, doubtlc'ss 
because CSg is a liquid while COg is a f^as. 

])eco}n})Ositi()ii of Poiassiuin Thiocarbonate . — It has been sliown by 
Taru"i and Ma<]fri ^ that when a. solution of potassium thiocarbonate is 
boiled in an atmosphere of nitro^fcn tlu^ following clianges take place : 

KgCS., = KgS + CSg ; KgS + = 2KOTT + ITgS. 

In pres(m(;c of air or oxygen, however, ihe reaction is as follows : 

2KgCS3 + 2H.p + 40 == KgSgO.., + KgCOg + CSg -f 211 gS ; 

and in an atmos])hcre of caihon dioxide : 

KgCSa + COg + IlgO - KgCOg + CSg + IlgS. 

These authors deny that the reaction 

KgCSg + 3llg0 = KgCOg + 31I»S, 

inherently improbable, can take ]dace. 

Salts and esters of the intermediate acids are known, being prepared 
from carbon disulphide or carbon oxysulphidc. 

Thiolcarbonic acid, ILS-CO-OII, yields carbon oxysulphidc', COS, by 
decomposition; the estcu’s yield alcohols or mercaptans when saponiOed, 
according to whether the alkyl grouj) is attached to oxygen or to 
sul} h'lr ; by this means the constitutions of the acids are established. 

It may be observed that thion- and thiol-carbonic acids are isomeric, 
as well as thiolthion- and di thiol-carbonic acids. Ethyl thioltliion- 
carbonic acid is xanthic or xanthogenic acid. Its potassium salt, 
which is yellow and has a disagreeable smell, is prc‘])ared by the action 
of alcoholic potash on carbon disulphide ; 

/SK 

CSg -h CgllgOH + KOH = sc:; + UgO. 

\0Cgll, 

The free acid decomposes at 24® C. into tthyl alcohol and carbon 
disulphide ; hence its constitution is known to be ; 


/SH 


and not 


SC 


/OH 

^SCjH 


6 * 


^ Tarugi and Magri, Gazzeita, 1009, 39 , i, 405. 
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Carbon disulphide also combines with t(!rtiary amines ^ and phos- 
phines, forrniniT crystalline substances, the most important of which 
is a red compound with triethylphosphine, CS2P(C2Tl5)3, to which the 
constitution CS — P(C., 115)3 is attributed.^ 

S 

Detection and Estimation of Carbon Disulphide. — Carbon disulphide 
may be detected by means of the red, crystalline compound it forms with 
triethylphosphine, and the white compound with phenyl hydrazine ^ : 

CeHgNHNIICSSNHaNIPCelTs ; 

also by its conversion into thiocarbonatc, which ^ives a yellow preci})i- 
tate with silver nitrate, and a red preeij^itate with lead nitrate, each 
of which quickly turns black by conversion into sulphide. 

Minute quantities of carbon disulphide can also b(‘ de tected by 
producing one of the dithiotriinercuric salts of the tyjxi II^X2'.2lI<)[S, 
which form characteristic crystalline precipitates wdicii dilute aepieous 
solutions of mercuric salts are heated on the wfitor-bath with carbon 
disulphide A 

Carbon disulpliide is estimated by solution in alcoholic potash with 
formation of xanthatc, followed by titration with standard co])pcr 
sulphate,^ or with permanganate solution, which oxidises the xaidhatc 
to sulphate.® A third nudhod depends upon the fact that ammonia 
converts carbon disulphide into a mixture of hydrosulphid(‘ and thio- 
cyanate, thus : 

/SNII4 + NHg 

CS2 + 2NH3 CS ( -> NIIJIS 4 NII4CNS. 

\nh2 

The hydrosul[)hido may then be titrated with ammoniacal zinc solution.'^ 

Carbon disuli)hide may be estimated gravimetrically by treatment 
with baryta water, so that sulphide is produced, which is then oxidised 
and weighed as BaSO^.® 

Uses of Carbon Disulphide. — Besides its employment as a solvent, 
to which rcfenmcc' has been made, carbon disulphide is us(‘d in the 
vulcanising of iiidiarubber, for the preparation of ammonium thio- 
cyanate, and of numerous organic compounds, including a number of 
dyes containing sulphur, as well as for the prevention of phylloxera in 
vines. 

Carbonyl Sulphide {Carbon Oxymlphide), COS. — Carbonyl sulphide*, 
a gas discovered by Than,® is fe>rmcd synthetically when a mixture of 
carbon monoxide and sulphur vapour is passed through a hot tube. 
The reaction is reversible : 

CO + S COS, 

* Blennard, Gompt. rend.^ 1S78, 87 , 1040. 

* Hofmann, Annalen Supply 1861, i, 26, 69. 

® Fischer, AnnaleUy 1877, 190 , 114; Liebermann and Seyewetz, JBcr., 1891, 24 , 788; 
Busch, Ber.y 1894, 27 , 2507. 

Beniges, Bull Soc. chim., 1915, [iv], 17 , 353, 359. 

* Macagno, Gazzetixty 1880, 10 , 486. 

« Schmitz -Dumont, Chem. Zeil, 1897, 21 , 487. 

^ Goldberg, Zeitsch. angew. Chenuy 1899, 76. 

® Chancel and Parmentier, Gompt. rtnd.y 1884, 99 , 892. 

* Than, Annalen Supply 1867, 5 , 236, 
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so that the proportion of carbonyl sulphide^ formed d('pends upon the 
temperature and rate of passage of the gas. 

Carbonyl siilpliide results similarly from carbon disulphide and 
sulphur trioxide, thus : 

CSo + 3SO3 = COS + 4SO2, 

and also when sulphur vapour and air arc passed over a red-hot mixture 
of clay and carbon,^ as well as when sulphur dioxide is passed over 
red-hot carbon : 

4SO2 + 9 C - GCO + 2 COS + CSg. 

Some thiocarbonates yield carbonyl sulphide l>y d(‘eompositioii ; e.g. 
potassium ethylthioncarbonate is deconiposcxl thus by hydrochloric acid ^ : 

/OK 

SC( + HCl - SCO + Cgll.OH + KCI. 

\ 0 C 2 H 5 

Sulphur may be substituted for chlorine in carbonyl chloride by 
means of cadmium sulphide at 270° C., thus : 

COCI 2 -I- CdS = COS + CdCJ.> : 

but the most im])ortaiit method of preparing carbonyl sulphide consists 
in th(i decomposition of a thiocyanate wdili dilute acid, the liberated 
thiocyanic acid being hydrolysed thus : 

SCNH + OHg = SCO + Nir3. 

To a cooled mixture of 5 volumes of sulphuric acid and 4 volumes 
of water potassium thiocyanate is added, and the gas is evolved at 
about 20 ° C., together with hydrocyanic acid, formic acid, and carbon 
disulphide. The acid vapours arc nanoved by })assing the gas through 
strong alkali, and the carbon disulphide is absorbed in a mixture of 
trietliylphosj)hine, pyridine, and nitrobenzene. After drying with 
sulphuric acid the gas may be further purilj('d by licpiefaction or 
absorption in toluene.^ 

Physical Properties, — Carbonyl sulphich' is a colourless gas posscissing 
a resinous smell, but is said to be odourless when jnire. Its d(*nsity at 
0° 0. is 2-1040, that calculate d from the molecular weight being 2 0749. 
That this compound stands about midway between carbon dioxide and 
carbon disulphide in physical properties as well as in chemical composi- 
tion is shown in the following table ; 



Critical 
Temp. ° C. 

Boiling-point 
(1 atm.) 

— 80 
— 47-5 

46 

Vapour pressure 
at 0°. 

Atmospheres. 

Heat of 
formation 
Caloric'S, 

Carbon dioxide , 
Carbonyl sulphide 
Carbon disulphide 

81-4 

105 

275 

1 

35-4 

12-5 

0-17 

97 

37 

- 25-4 


^ Gautier, Compt. rtwl.y 1888, 107, 911. 

® Berthelot, Compt. rend.i 1883, 96, 298. 

® Salomon, J. praH. Chem., 1872, 5, 476. 

* Hofmann, Annahn Suppl., 1861~2, i, 26, 69; Hempel, Zeitsch. angew. Chem,^ 1901, 
14, 866. 
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Liquid carbonyl sulphide is colourless and highly refractive ; it 
dissolves sulphur and mixes with various organic liquids. 

The gfis is somewhat soluble in water, its solubilities at different 
tempera ill ns being as follow : 

Temperature ° C. 0° 5^ 10° 15° 20° 25° 30° 

1 vol. water dissolves 1-333 1-056 0-835 0*677 0-561 0-468 0-403 


It is found in solution in certain mineral waters ; e.g. those of Ilarkany 
and Parad in Hungary. 

The following thermal values are given by Thomsen ^ : 

Heat of combustion = 131,010 calories. 

Heats of formation : 

C (amorph.) + S (rhomb.) 4-0 = COS 4- 37,320 calories. 
CO -}- S = COS + 8,030 calories. 

Berthelot,*^ however, gives a value for the heat of formation about half 
that obtained by Thomsen .* 

C (amorph.) 4- S (rhomb.) + O = COS + 19,600 calories. 


Chemical PropeHics. --Carhoixyl sulphide may be ignited by means 
of a glowing splinter of wood, and burns with a l)lue, slightly lumijious 
flame. With air it forms a mixture which is slightly explosive except 
when quite dry.^ Tlu^ explosive limits lie between 11*9 and 28-5 
per cent, of carbonyl sulphide.^ A white-hot platinum wire completely 
decomposes the gas into carbon monoxide and sulphur. 

Water slowly deconqiosc's carbonyl s\ilj.)hid(‘, thus : 

COS 4- II 2 O = CO 2 + HaS. 


According to Buchboek ^ the reaction proceeds in two stages, 
ihiolcarbonic acid being an intermediate product : 


COS + H 2 O 


/SII 

CO: ^ CO 2 + HgS. 

\OJI 


Alkali solutions form salts of the saiiK- acid, which, however, soon 
decompose into carbonate and liydrosulphide : 

/SK 

COS + 2KOII = CO( 4- H 2 O ; 

^OK 

/SK /OK 

CO( + KOH = CO( + KSIL 

\OK \OK 

Alcoholic potash forms, in all probability, potassium ethylthion- 

/OK 

carbonate,® CSv , whence carbonyl sulphide is liberated again 

^OC^H, 

^ Thomsen, Ber., 1883, 16 , 2619 ; Zeitsch. physikal. Chem,, 1906, 52 , 348. 

* Berthelot, Ann. Chim. Phys., 1879, [v], 17 , 129. 

* E. J. Russell, Trans. Chem. Soc., 1900, 77 , 361. 

* Hempel, Zeitsch. angew. Chem., 1901, 14 , 865. 

* Buchboek, Zeitsch. physikal. Chem., 1897, 23 , 123 ; 1900, 77 , 361. 

® Bender, Annalen, 1868, 148 , 138. 
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by acid. Heated mercury, copper, iron, and silver remove sulphur 
from carbonyl sulphide ; cuprous chloride reacts thus : 

COS + CuaClg + HgO == COg + 2HC1 + CugS, 
and chlorine forms phosgene and sulphur dicldoride ; 

COS + 2 CI 2 = COCI 2 + SCI 2 . 

Thiocarbonyl Chloride, CSCI 2 . — Thiocarbonyl chloride is formed by 
the prolonged action of dry chlorine on carbon disiilphidc,^ and by 
heating phosphorus pentachloride and carbon disulphide together in 
sealed tubes ^ at 100 ° C. : 


PClg 4 - CS2 - PSCI3 + CSCI2. 


It may also be obtained by the reduction, by tin and hydrochloric acid, 
of CSCI 4 , which is a liquid boiling at 149° C. formed by the action 
of chlorine on carbon disulphide in presence of a liLLle iodine. 

Thiocarbonyl chloride is a strongly smelling liquid of density 1*5085 
at 15° 0. and boiling at 73*5° 0. It is slowly decomposed by water. 

AminO'*derivatives of Thiocarbonic Acid. — As carbamic acid and 
carbamide are related to carbonic acid, so are thiocarbamic acid and 
thiocarbamidc related to thiocarbonic acid : 


CS 


/SH 

\sil 


Thiocarbonic acid. 


/NH, 


CS. 

^SH 

Thiocarbamic acid. 


/NIT 

’\NiT2, 


Thiooarbann<lc. 


Thiocarbamic acid, or, more definitely, thiolthioucarhamic acid,^ 
/NH, 

CSv , is obtained from its ammonium salt, which is formed bv 
\SH 

the combination of carbon disulphide with dry ammonia in pres nee 
of alcohol, whence the salt crystallises in prisms. Hydrochloric acid 
separates the acid from an aqueous solution of its ammonium salt in 
the form of an unstable oil which crystallises^ below 10 ° C., smells of 
hydrogen sulphide, is acid in reaction, and easily decomposes into 
HgS and CNHS. 

Thiocarbamide, Thiourea, CS{NH 2 ) 2 * — Thiourea is formed by heating 
ammonium thiocyanate® to 140° C., this salt undergoing an isomeric 
change analogous to that produced in ammonium cyanate by heat ; 

NH4SCN-iiSC(NH2)2. 

At the same time some guanidine thiocyanate,"^ NH : C(NH 2 ) 2 *HSCN, 
is produced, though a larger proportion of this latter substance is formed 
at 170°-180° C. The thiourea is freed from guanidine thiocyanate and 
unchanged ammonium thiocyanate by cold water, in which the thiourea 
is but sparingly soluble ; it is then purilicd by recrystallisation from 
water. 

> Kolbe, AnmUen^ 1843, 45 , 41. 

* Carius, AnnahUy 1859, 112 , 193. 

» Klaeon, Ber,, 1887, 20 , 2378. 

* Zeise, Ammleny 1843, 48 , 96 ; Debus, Annalen, 1860, 73 , 26. 

® Mulder, J. prakt, Ghem,y 1867, loi, 401 ; 1868, 103 , 178. 

® Reynolds, Trans. Chem. Soc., 1855, 8 , 1. 

’ Volhard, Ber., 1874, 7 , 92 ; /. prakt, Chem., 1874, [ii], 9 , 6 . 
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A better method of preparation consists in heating carbon disulphide 
(6 grams) with ammonium carbonate (8 grams) in a scaled tube at 
160° C., when the yield is quantitative^ 

Thiourea crystallises in rhombic prisms, and dissolves in eleven 
times its weight of cold water. When heated with water to 140° C. it 
reverts to ammonium thiocyanat(\ It forms salts analogous to those 
of urea ; the most characteristic of these is the nitrate, CS(NIl2)2*HN03. 

Perthiocarbonates. — It was seen (p. 135) tliat there are two classes 
of percai’b()uat(‘s, one obtained by the electrolytic oxidation of car- 
bonates, the* oUkt by the combination of hydrogen peroxide with 
carbonates, or of carboii dioxide with peroxides. Alkali perthio- 
carbonates, e.g, Na2CS4, c“xist corresponding to the latter kind of 
perearbonate s. They are formed by the combination of carbon disul- 
phid(i with alkali disulphides, with which this substance unites more 
readily than with th(; monosulphides, and also by the direct combination 
of thiocarbonates with sulphur.^ 'J'hcrc is no analogy to this latter 
method of preparation in the case of percarbonate ; and this fact 
illustrates tlie superior chain- forming power of sulphur as compared 
witli oxygen atoms. 

Lower Sulphides of Carbon. — Besidc^s the well-known carbon disul- 
phide, two other sulphides of carbon are known — CS and C3S2, and 
have* recently been prepared and studi(‘d in some detail. 

Carbon Monosulphide, CS. — The first indication of the existence of 
the sulj)}iiir analogue of carbon monoxide was the observation of 
Losanitsch and Jovitschitsch ^ that carbon disulphide is decomposed 
by the silent electric discharge in presence of hydrogen or carbon 
nionoxide with the formation of a 1ow(t sulphide supposed to be CS ; 
Thomsen ^ also found that when nitrogen saturated with carbon disul- 
j)hid(^ vapour is passed repeatedly over heatcel copper, the copper 
reme)veis se)ine sulphur from the disulj)hiele, Ic'aving the monosuljdiide. 
More recently Dewar and II. O. Jones ® founel that thiocarbonyl chloride 
reacts rapidly with nickel carbonyl at the ordinary temperature according 
to the equation : 

crCSClg + ii’Ni(CO)4 - .^’NiCl2 + 4a;CO -f {CS)x^ 

Whem nickel chloride is extracted by water from the solid product, 
a brown substance* remains which by analysis is shown to have the 
empirical composition representc'd by the formula CS, but which, on 
account of its be*iiig a non-volalile solid, must be a polymer (CS)a;. 
The same product was always obtained, although the conditions of its 
formation we^re varied, and after purification and drying it had a density 
of abe)ut 1*6 in the finely divided state and of 1*83 after compression. 

Polymerisexl carbon monosulphide gives a purplish-brown solution 
with concentrated sulphuric acid, from which the unchanged substance 
is repreeipitated on pouring into water. Aqueous and alcoholic solu- 
tions of ammonia, ammonium sulphide, and potassium hydroxide, 
sulphide, and hydrosulphide, also give deep brown solutions from which 
the monosulplude is precipitated unchanged by acid. The solid is 

* Inghilleri, OazzeUa, 1909, 39 , i, 634. 

2 Giilis, Compt. rend., 1875, 81 , 282. 

2 Losanitsch and Jovitschitsch, Ber., 1897, 30 , 138 ; Losanitsch, 1907,40,4656. 

* Thomsen, Zeitach. artorg. Chem., 1903, 34 , 187. 

* Dowar and Jones, Proc. Roy. Soc., 1910, A, 83 , 408. 
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unchan sfed below 360° C. in a vacuum, but at a low red heat a change 
lakes j)lacc in accordance \vith the etiuatiou : 

2(CS)a: = xC + xCS.. 

When carbon disulphide is exposed for a long time to sunliglit a red sub- 
slance is obtained, which is supposed also to be a polymeric form of the 
monosulphide. 

So far the nature of the simple substance CS had not been elucidated, 
but Dewar and Jones ^ followed up this communication with another 
in which evidcaice was forlhcoming of tlu^ formation of the non- 
polymcrised monosulphide. Carbon disulphide vapour at low pressure 
was submitted to the action of the silent electric discharge', with the 
consequenc(i that sulphur separated. When the resulting vapour was 
cooled in a tube immersed in liquid air and then brought again to the 
temperature of the atmosphere an explosion took ])lace, and the brown 
substance previously identified as (CS)a; was formed. It appears, 
therefore, that carbon monosul])hide is an endothermic gas, condensible 
by means of liquid air, which rapidly polymerises to (CS)a; at atmosph(^ric 
temperature. 

Carbon Subsulphide, CgSg. — By passing the vapour of carbon disul- 
|:)hide over an electric arc with carbon poles, Lengycl ^ obtained a deep 
r(*d, tear-exciting li(piid which appeared to be CgS^. When heated 
under reduced pressure this licpiid partly distilled, and was ]^artly 
convert(id into a black, solid polymer. , With bromine' it ibrmed CgSgBrg, 
a yellow solid with an aromatic smell. 

Carbon subsulphide has more recently been obtained by Stock and 
Praetorius,^ who found that the best way to prc^parc' it was to strike an 
arc between a carbon cathode and an anode consistirig of antimony 
containing 7 per cent, of carbon placed beneath the surface of liquid 
(;arbon disulj)hide. The subsulphide dissolves in the disulphide as 
it is formed, producing a red solution, and when separated and distilled 
in a vacuum and condensed in a receiver at — 40° 0. forms a yellowish- 
red solid whose melting-point is — 0*5° C. At ordinary temperature it is 
a bright red, strongly re fractive liquid ; it has a vapour density and 
a molecular weight in carbon disulphide solution corresponding to 
the formula CgSg, and polymerises at 90° C. With aniline it forms 
thiomalonanilidc ; it therefore bears the same re lation to thiomalonic 
acid that carbon suboxide bears to malonic acid ; conseiquently 
the constitutional formula S • C • C • C • S is attributed to this com- 
pound. 

Carbon Sulphidoselenide, CSSe, was obtained by Stock and Willfroth^ 
by striking an electric arc under carbon disulf)hide between a graphite 
cathode and an anode containing 17*5 parts of graphite to 100 of 
selenium. It is an intensely yellow liquid smelling of onions ; its density 

is 1-979, melting-point — 85° 0., boiling-point 84° C., and 1.7849. 

It is decomposed by light, or on long keeping at atmospheric tem- 
perature. With alcoholic sodium ethoxide it forms sodium mono- 
sclenoxanthate, SeC{SNa)(OC 2 n 6 ). 

^ Dewar and Jones, Proc. Roy. Soc., 1910, A, 83 , 626 

* Lengyel, Ber,, 1893, 26 , 2960. 

* Stock and Praetorius, Ber., 1912, 45 , 3668. 

* Stock and Willfroth, Ber,, 1914, 47 , 144. 
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Carbon Sulphidotelluride, CSTe, was j)repared by Stock and Prae- 
toriiis ^ in the same way as the previous coinpound, the anode consisting 
of 10 or more parts of graphite to 100 of tellurium. Owing to the 
instability of tliis sn])slance, its preparation was carried out in a we^ak 
liglit, and ])el()W — G. ; it formed ytllowish-rc'd crystals melting 
at 54^ G. to a brilliant red liquid with a garlic-likc odour whose 
density at — 50" G. was 2-9. Molecular weight determinations with 
benzine and ear]>on disulphide as solvents gave^ values between 176 
and LSI, tluory for requiring 172. AVlu'u kc})t for a short time at 
atmos[)heric temperature car})on sulphidotelluride decomposed com- 
pletely. The su|)])osed carbon telluride, CTcg, prev iously described ^ 
could not be obtained ; the phenomena recorded were due to the 
decomposition of the sulphidotdluride. 


CARBON AND NITROGEN 

Carbon Nitrides. — Besides cyanogen, to be described 1)elow, carbon 
is known f.o form two other nitrides, C4N2 and CcNg, which have recently 
been obtained from organic sources.^ 

Carbon Snhuitrkk, is dicyanacetylene, NOC; G*CN, and the 

nitrile* of accityletu' dicarboxylic acid ; it is formed by the elimination of 
two mol(.‘cules of watia* from the amide' of that acid : 

NIla CO CiC CO NlIa == NC CIC CN 4- 2IT2O, 

is crystalline, melts at 2()‘5‘"-2l® G., and boils at 76^^ G. under 756 mm, 
pressure. 

Another subnitride, CjjNg, is probably the nitrile of diaeetylcne 
dicarboxylic acid, and thus has the constitution NC*C :C-C4'C*CN. It 
is prepared by oxidising cyanacirtylene, GlIrC-CN, with potassium 
ferricyaiiide, and forms crystalline needles melting at 64° G. 


CYANOGEN, HYDROCYANIC ACID, AND THE CYANIDES 

History. -Prussian blue, which is ferric fciTocyanide, was discovered 
by Diesbach early in the eighteenth century. Dippel, Woodward, 
John Brown, and Geol’froy studied the conditions under which this 
substancii is formed, and Macquer, in 1752, showed that when it is boiled 
with potash, oxidi* of iron se[)ara.tes, and tJie body known later as 
j)russiate of potasli remains in solution. Schccle inv(*stigated this 
lattcT compound in 17S2--5, and obtained prussic acid, i.e, hydrocyanic 
acid, by distilling it with sulphuric acid. In 1787 Bcrthollet proved 
that })russiate of potash contains iron, alkali, and prussic acid, and 
that th(i last-named substance consists of carbon, nitrogen, and hydrogen. 
Gay Lussac, in 1811, showed that prussic acid consists of hydrogen 
united to the ‘'compound radicle” cyanogen (kvhpos, dark blue, 
y€Pvd(o, I produce) and in 1815 prepared cyanogen itself. 

* 8 t.ock and Praet-orius, Jier.^ 1914, 47 , 131. 

* (Stock nnd Ber., 1911, 44 , 1832. 

® Mourcu and Pougrand, CampL rend,, 1910, 150 , 226 ; 151 , 940. 
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CYANOGEN (Dicyanogen) 

Formula, (CN)2 

Cyanogen gas is an endothermic eonij^ound whicli is formed by the 
union of its elements at very high tcmpernture. According to von 
Wartenbcrg ^ 44 per cent, of cyanog(*n should be prodiicc‘d u hen carbon 
and nitrog(‘n are in equilibrium at 3500 ° C., tlie temperature of the 
electric arc. The presence of this gas in the arc is shown by its spectrum,*^ 
but Wallis ^ failed to find it in the gases withdrawn from the arc 
chamber. This may be due to the catalytic decomposition of cyanogen 
by carbon particles, or by its union with hydrogen from the arc carbons 
to form HCN. 

C3''anogen is formed in small quantity in tlie gasc's from coke-ovens 
and blast-furnaces ^ ; and «also when a mixture ol' coal-gas and ammonia 
is burnt in a Bunsen burner, the reaction probably being : 

4 CO -f 4NII3 -f O2 - 2(CN)2 + ellaO. 

It may also be obtained by dehydrating ammonium oxalate by heating 
it with phosphoric oxide : 

COONII4 CN 

I -~ 4 HoO=- I 

COONH4 “ CN ; 

but is most convcnicaitly prepared b}^ heating cei l ain metallic cyanich s. 
Metals whose oxides yield metal and oxygen wlu n heated, i.e, mcrcur3^ 
silver, and gold, are those whose cyanides give in tlu* same way metal 
and cyanogen. In addition to these, cupric cyanide very riaclily 
decomposes like cupric iodide, yielding cuprous cyanide and cyanogen. 

Cyanogen is frequently prepared by lieating powdered mercuric 
cyanide in a hard glass tube, and is collected over mercury. Much ht‘at 
is needed for this reaction, as is shown by the thermal equation ® : 

Hg(CN)2 — Ilg + (CN)2 — 19,000 calories ; 

admixture of mercuric chloride, however, enables the reaction to procei'd 
at a lower tcmpei’ature, owing to the formation of me rcurous chloride^ 
by an exothermic reaction, thus : 

ng(CN)2 + HgCla - Hg2Cl2 + (CN)2 + 440 calories. 

A mixture of potassium ferrocyanide and mercuric; chloride also whcai 
heated yields cyanogen, probably mixed with nitrogen. The most 
convenient "way, however, of obtaining cyanogen is by warming 
together potassium cyanide and cupric sulphate solutions. Cyanogen 
is evolved, and cuprous C3^anide precipitated : 

2CUSO4 -f 4 KCN = 2K2SO4 -f- Cu2(CN)2 + (CN)2. 

If the cuprous cyanide is filtered, 'washed, and treated with ferric 
chloride solution the remainder of the cj'anogcn is evolved,® thus : 

Cu 2(CN)2 + 2FeC]3 = CU2CI2 + 2FcCl2 + (CN)2. 

^ Von Wartenbcrg, ZeiiseJt. anorg, Cham., 1907, 52 , 299. 

® Fowler and Shaw, Proc, Roy, Soc., 1912, A, 86 , 1 18. 

® Wallis, Annalen, 1900, 345 , 353. 

* Bunsen and Playfair, J. prakt. Chem., 1847, 42 , 145. 

® Thomsen, Thermochemische Untersuchungen, 1886, vol, iv, 390. 

® Jacquemin, Ann. Chim^ Phys,, 1886, [vi], 6 . 140, 
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Physical Properties. — Cyanogen is a colourless, poisonous gas with 
an odour resembling that of peach kernels. Its density is 1*8004 (Gay 
Lussae), the theoretical density being 1*7993. The gas shows no sign 
of dissociation at 800° C.^ ; but is liquefied at — 20*7° C. under 1 atm. 
The vapour pressures at different temperatures arc as follow ^ : 

Temperature ° C. . . -20*7® 0° 5° 10° 15° 

Vapour pressure (atm.) . 1*0 2*37 2*83 3*38 4*04 


The density of liquid cyanogen ^ at 17*2° C. is 0*860 ; according to 
Dewar its critical temperature is 124° C. and critical pressure 01*7 atm.^ 
whence the constants for van dcr Waals’ equation are derived : 
a = 0*01446 ; h ~ 0*0029. Cardoso and Baume,^ however, give : critical 
temperature 128*3° C., critical pressure 59*6 atm. When cooled below 

- 35° C. liquid cyanogen freezes to a crystalline mass which melts at 

- 34*4° C.« 

The heat of formation of cyanogen from graphite and nitrogen 
is — 73,000 to — 70,000 calories ; its molecular heat of combustion 
to COo and Ng is 262,500 calories (Berthelot '^) or 259,600 calories 
(Thomsen ®). 

Water, at atmospheric temperature, dissolves about four and a half 
times its volume of cyanogen gas, alcohol about twenty-three times its 
volume. Water, however, acts chemically on cyanogen, causing the 
separation of a brown insoluble substance known as azulmic acid, and 


at the same time hydrolysing the cyanogen 


oxamide 


/CONH2 


Vo 


CONII. 


)• 


oxamic acid 


/CONH 


and their ammonium salts ; 


u 


OOH 


)• 


producing from it 

/COOH\ 

oxalic acid ( | 

together with the following compounds con- 

/ /NHA 

taining only one carbon atom : hydrocyanic acid, urea I COv 

V 

and ammonium carbonate. When cyanogen is passed into water at 
0° C., however, the reaction is simple, hydrocyanic and cyanic acids 
being formed thus : 

(CN)2 -f HgO = HCN -f IICNO. 


} 


)■ 


This reaction has been studied ® by measuring the conductivity due to 
hydrocyanic acid, cyanic acid being almost a non-conductor. 

Chemical Properties. — The chemical constitution of cyanogen, 
N— C — C-- “N, follows from the reactions which this gas undergoes. 
Thus it is reduced by tin and hydrochloric acid to ethylene diamine, 
which is NII 2 — dig — CH 2 — NH 2 , and is hydrolysed by water and 
dilute acids as follows : 


^ V. Meyer and Goldschmidt, Ber., 1882, 15 , 1164. 

® Chappuis and RiviiSre, Gompt, rend., 1887, 104 , 1604. 

® Faraday, Phil. Trails., 1846, 135 , i, 166. 

‘ Dowar, Phil 1885, [v], i 8 , 210. 

® Cardoso and Baume, Gompt. rend., 1910, 151 , 141. 

® Davy and Faraday, Phil Trans., 1823, ii, 196. 

’ Berthelot, Ann. Ghim. Phys., 1889, [vi], x 8 , 127. 

Thomsen, Thermochemische Untersvihungen, 1882, vol. ii, 387. 
^ Naumann, Zeitsch, Bhkirochem., 1910, 16 , 772. 
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CARBON ANO ITS COMPOUNDS 
CN CONH, COOH COOH 

I I -> I ^1 

CN CONH2 CONHj COOH 

Cyanogen. Oxaraide. Oxamic acid. Oxalic acid. 

C\ niioguii is thus the nitrile of oxalic acid. 

Dixon and Taylor/ however, Javour a cyclic coostitiitioii for cyano- 

ifcn : II II , partl}?^ on account of its preparation ])v he ating silver 

N— N 

and mercuric cyanides, whiedi arc probably z.se-com pounds, the reacliem 
being supposed to proceed thus : 

C C C--rC 

2Ag-N-.C -> 2Ag 4- !| II II II ; 

N_N 

and also on account of its reaction wilii alkalis beang similar to that 
of cyaneigeai bromiele, Avhicli siigge\sts that one cyane>gen group behaves 
towards the other like- a halogen atom, thus : 

C C 

II ^(CN) : II ■)Br. 


the fonnula for cyanogen bremiidc being that of Gutmann.*-^ Dixon and 
Taylor suggest that if cyanogen has an iso- constitutioi) oxalief ac‘id 
might be derived from it, thus : 


C- C- IIO CH HC-OH 

II II II II 

N— N N N 


HOC— coil 
II II 

IIN NH 


HO C -c on 

II II 

o o 


There is a polynu'ric modification of cyanogen known as paracyanogen 
(CN)n. It is a browji powder of unknown molecular weight and 
constitution, whose formation is observed when nu.Tcuric cyanide is 
luxated. It is produced when cyanogen is heated for some time at 
440° C., and is formed at the anode during the electrolysis of potassium 
cyanide solution.^ Cyanogen is converted into paracyanogen under 
ordinary pressure at about »‘31()° C., and landcr 300 atmosphert s pressure 
at 220° C.^ Paracyanogen yields ordinary cyanogen gas, which condenses 
to liquid cyanogen. The two forms are thus monotropic like white 
and red phosphorus.® Paracyanogen is insoluble in water and alcohol ; 
it shows, however, many of the reactions of cyanogen, although its 
reactivity is slow. 

Cyanogen is decomposed into its elements by being passed through 
a red-hot tube, or by the agency of electric sparks or the arc flame.® 
It burns with a characteristic peach-coloured flame, wdiieh consists of 
a red internal and a blue external zone separable by means of Smithells’ 
apparatus. In the inner flame the reaction (CN )2 +02= 2CO + Ng 
takes place ; in the outer flame CO burns ’ to COg. 

^ Dixon and Taylor, Trans, Cnem. Soc., 1913, 103, 980. 

‘ Cutmann, Ber,, 1909, 42, 3023. 

* Hittorf, Zeitsch. physikal. Chem,, 1892, 10, 616. 

* Briner and Wroezynski, Compt. rend., 1910, 151, 314. 

^ Smits, Proc, K, Akad. 'Wetensch. Amsterdam, 1913, 16, 27. 

® Schiitzenberger, Compt. rend., 1890, m, 774 ; Berthelot, Compt rend,, 1883, 95, 955. 

’ Smithells, Trans. Chem. Soc., 1892, 61, 204 ; 1894, 65, 603. 
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Cyanogen can burn or be exploded in dried oxygen,^ one or other 
of the following reactions occurring in the latter case according to the 
volume of oxygen cm])loyed : 

(CN)2 + O2 - 2CO + Ng. 

(CN)2 + 20^ - 2 CO 2 + Ng. 

A mixture of dried oxygen and carbon monoxide is not explosive, but 
the admixt ure of 10 jx r cent, of cyanogen gas secures the explosion of 
tlie car])()n monoxide' in the a])sence of moisture.^ 

Whilst behaving as the nitrile* of oxalic acid in some of its reactions, 
in others cyanogen rc!sejn})les free chlorine. Thus it unites with hydrogen 
to form hydrocyanic acid and with metals such as potassium, zinc, 
copper, lead, mercury, and silver to produce (?yanid(*s. Its reaction 
with sul])hurous acid, though slower than, is similar to, that of the 
halogens ^ : (CN)., H- 112803 + Il^O - 2HCN + H2SO4. 

Moreover, just as chlorine re*acts with dilute alkali to form chle)ride 
anel hypochlorite, so cyane^g(*n 3delels cyaniele atul cyanatc, thus : 

(CN)2 f 2KOn - KCN + KCNO + Hp. 

Detection and Estimation of Cyanogen. — Cyanogen gas is easily 
detected by its smell, by its decomposition by electric sparks into 
nitrogen and carbon, ami by its characteristic flam(% whose spectrum 
contains prominent bands in the blue and violet. The presence of this 
gas in a mixture may be detected by its reaction with a mixture of 
2 c.c. of cold saturated solution of picric acid, 18 c.c. of alcohol, and 
5 c.c. of a 15 ])er cent, solution of caustic soda. With this solution 
C3^anog('n giv(‘s a j)urple-r(‘d colour turning brown, due to the formation 
of isopurpuri(f acid. If mucli cyanogen is present the potassium salt 
of this acid s(‘})arat(‘s as a purple-red oil. Cj^anogc'ii may he estimated 
by combustion in a stn am of oxygen ; explosion with ox^^gen does 
not give accurate results. 


HYDROCYANIC ACID (Prussic Acid) 

Formula, IICN 

Hydrocyanic acid was discovend by Scheele in 1782 and first 
obtained anhydrous by Gay Lussac,^ who heated mercury cyanide 
with hydrochloric acid, and after passing the evolved gas over marble 
to remove HCl, and subsequently dr^dng, condensed the hydrocyanic 
iicid in a freezing mixture. 

This acid occurs in plants, very seldom in the free state, but generally 
as a constituent of the glucosidc amygdalin, which on hydrolysis yields 
hydrocyanic acid, benzaldehyde, or bitter almond oil, and glucose, as 
follows : 

CaoHg^NOii + 21120 = IICN + CeH^CHO + 2CeHi20e. 

This hydrolysis occurs naturally by the agency of the enzyme cmulsin ; 
it is brought about artificially by the action of dilute acids. Bitter 
almonds and laurel leaves are the chief sources of amygdalin ; and 

1 Dixon, Trans, Ckem. Soc,, 1886, 49 , 384. 

* Beketoff, BnU, Acad. Sci. Petrograd, 1896, [ii], 2 , 176. 

* Vorlander, Verh, Oes. dtvi. Naturforsch. Aerzte, 1907, ii, 92. 

* Gay Lussac, Ann. 1811, 78 , 128; and 1815, 95 , 136. 
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by distilling these products with water a dilute solution of hydrocyanic 
acid is obtained. 

Hydrogen cyanide has been synthesised from its elements by passing 
a mixture of hydrogen and air through a car])on tube heated in an 
electric arc.^ The reaction is endothermic, and, according to von War- 
tenberg,^ is represented by the following thermal ecpiation : 

2 C (graphite) + Ilg + Ng ~ 2I1CN ~ 50,700 calories. 

The amount of hydrogen cyanide formc^d increases with temp(‘rature, 
as theory indicates, and Wallis,^ by passing a mixture of nitrogen 
and hydrogen across the carbon poles of the electric arc, whosc^ t(‘nn)era- 
turc is about 3500° C., converted 33*0 per cent, of the gaseous mixture 
into hydrogen cyanide. 

By means of an electric flame an even more striking result has 
been obtained ; for by employing a mixture of nitrogen and uu'thane 
in the molecular proportion of 2-3:1, diluted with hydrogen so as 
to contain less than 10 per cent, of methane, Muthmann and Scliaidliauf ^ 
have converted the methane qiiantitativdy into hydrogcai cyanide. 
Lipinski ® also converted the whole of the methane in a mixture of 
8 to 34 i)cr cent. CII^, 75 to 53 per cent. No, and IG to 12 per cent. Ilg 
into hydrogen cyanide by the passage of an alternating current at 
2000 volts and 0*05 to 012 ampere be tween platinum terminals through 
3*8 litres of the mixture for one to three hours. 

A less complete synthesis of hydrogen cyanide would be effected 
by causing ammonia, in whicli nitrogen and hydrogen are already united, 
to react with carbon, according to the equation 

NH 3 + C = TICN 4 II 2 . 

Bergmann ® has shown that when ammonia is passed over carbon 
heated to about 1300° C., 90 per cent, of it is converted into 11 CN. 
The reaction is endothermic, its heat being — 39,500 calorics. A modi- 
fication of this re action is that of Rocxler and Griinwald,’ who pass a 
mixture of ammonia and nitrous oxide over heated carbon, the 
reaction being : 

2 NH 3 4 NjjO 4 4C == 4HCN + II 2 O — 58,000 calories. 

Owing to the heat of decomposition of nitrous oxid(‘, which is endo- 
thermic, and the heat of formation of steam, it is not necessary to 
heat the carbon to so high a temperature as in the former case ; 
indeed the yield of hydrogen cyanide is nearly quantitative when the 
temperature of the carbon is but 450° 0. 

Hydrogen cyanide is also produced by the explosion of a mixture 
of acetylene and nitrogen in a bomb ® : 

C 2 H 2 4 Ng = 2 HCN — 9400 calories, 

* Dewar, Chem. News, 1879, 39, 282. 

* Von Wartenberg, Zeitsch, anorg, Chem,, 1907, 52, 299. 

® See Bergmann, J, Oasheleuchtung. 1896, 117, 

♦ Muthmann and Schaidhauf, Zeitsch, Elekirochem., 1911, tj, 497. 

® Lipinski, Zeitsch, Elektrochem., 1911, 17, 761 ; but scie Moscicki, idid., 1911, 17, 877; 
also ibid., 1912, 18, 229, 730. 

® Bergmann, J. Oasbeleuchtung, 1896, 117. 

’ Roodor and Griinwald, Chem, Zentr,, 1902, ii, 235. 

• Mixter, J. Amer, Chem, 80c,, 1902, [iv], 10, 295. 
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and by the reaction between acetylene and ammonia at SOO"" C* in 

presence of a catalyst ^ : 

C 2 II 2 + 2 NII 3 — 21ICN + 3 H 2 — 33,000 c^alorics. 

Methaiu' and nitrogen also yield hydrogen cyanide under the influence 
of the silent electric discharge, or at 1000 ° ( 3 .,^ the equation being: 

2 CII 4 + Ng = 2 HCN + 3 H 2 — 103-5 calories. 

Hydrogen cyanide is generally prepared, however, from potassium 
ferrocyanide or a sinii)le cyanide. In either case it is synthetic in 
origin, for ferrocyanide was originally made by heating together a 
mixture of potassium carbonate, iron, and nitrogenous organic matter, 
whilst cyanide is o})taincd either from the hydrogen cyanide formed 
synthetically in gas manufacture or by passing ammonia over a heated 
mixture of alkali carbonate, and carbon (Beilby’s process ^). When 
powdered potassium ferrocyanide is distilled with dilute suljihuric 
acid (1 ])art H 2 SO 4 to 2 parts water) hydrocyanic acid is evolved 
according to the reaction : 

2 K 4 Fe(CN)o + 3 II 2 SO 4 = CHCN + K 2 Fc[Fe(CN)e] + 3 K 2 SO 4 . 

Th(; vapour may be dried by passing it through calcium chloride tubes 
ke])t at 30° C. by immersion in warm water, and then condensed in a 
freezing mixture ; or the vapour may be at once passed into water 
if only a solution of the acid is required. 

Practically anhydrous hydrocyanic acid may be obtained by dropping 
sulphuric acid diluted with an equal volume of water on to 98 per cent, 
potassium cyanide.^ 

Anhydrous hydrocyanic acid is also formed when mercuric cyanide, 
heated to 30° 0., is decomposed by hydrogen sulphide. 

Physical Properties. — Anhydrous hydrogen cyanide is a colourless, 
mobile* liquid having a smell of bitter almonds, and is exceedingly 
poisonous. Owing to the danger of working with this substance its 
physical proi)erties have not been completely elucidated. Its density 
at 18° 0. is 0-0909, and at 7° 0 . is 0-7058,^ whence the density at 0 ° C. 
has been calculated to be 0*71 15 ® ; its boiling-point at atmospheric 
pressure is 20-5° C. (Gay Lussuc) ; its vapour density at high tem- 
perature is 0-947 (air = 1 ) and 13*69 (II = 1); at — 15° C. it solidifies 
to a mass of white featlicry crystals. 

The heat of vaporisation of hydrogen cyanide is 210*7 calories per 
gram, or 5700 calories per gram molecule ’ ; this value is high on 
account of polymerisation, llapid evaporation causes a drop of the 
liquid on a glass rod to solidify. 

The following thermal values have been determined by Berthelot ® 
and Thomsen ® : 

^ Hoyermann, Glmn. Zeit., 1902, 26 , 70. 

2 Gow, FAectroch. Met. Ind., 1905, 3 , 472. 

® See “ Advances in Chemical Industry during the Nineteenth Century,” Proc* Roy. 
Phil. Soc., Glasgow, 1904. 

• Wade and Panting, Trans. Chem. 80 c., 1898, 73 , 266. 

® Gay Lussac, Ann. Chim. Phys.^ 1816, 95 , 136. 

• Centncrszwer, Zeitsch. pkysikal. Chem.^ 1901, 39 , 217. 

’ Berthelot, Gompt. rend., 1874, 78 , 716 ; Thomsen, Ber., 1880, 13 , 1392. 

® Berthelot, Ann. Chim. Phys., 1876, [vi], 5 , 434; 1881, 23 , 253. 

• Thomsen, Thermochemische Uniersuchungen, 1882, vol. ii, 389. 
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Heat of formation HCN vapour — 30,500 calorics | 

„ liquid — 24,800 ,, j^Berthclot. 

„ „ in solution ~ 24,400 „ ) 

„ „ from diamond — 30,200 

,, „ from graphite — 29,850 


Thomsen. 


The heat of combustion at constant pressurci is 159,300 calories (Ber- 
thclot) or 158,000 calories (Thomsen) ; the heat of aqueous solution is 
400 calories (Berthelot). 

Liquid hydrogen cyanide dissolves many organic and inorganic 
substances. Interesting results relating to the (?lcctric conductivity 
and cluanical reactivity of such solutions have been obtained by 
Kahlenbcrg and Schlimdt.^ 

Hydrogen cyanide mixes in all pro])ortions with water, alcohol, 
and e ther. Solution in these cases is accompanied both by fall of 
temf^erature and diminution of volume. No definite hydrate of hydrogen 
cyanide is known. 

Chemical Properties. — Hydrogen cyanide vapour burns with a viok't 
flame of slight luminosity; both the anhydrous Ikpiid and its con- 
ci'utratcd afpicous solution app(‘ar combustible. When passed over 
heated copper oxide thc^ vapour burns to carbon dioxide, water, and 
nitrogen. 

A polymt*r of hydrogen cyanide is slowly produced when an acpieous 
solution of the latter is k(‘pt in presence of alkali earbonate or cyanide. 
Und(T th(‘se conditions the liquid turns brown, and a black mass 
scpara,tcs after some days, from which ether extracts a substance 
which crystallises in colourless leaflets. This substance jiosscsses the 
composition (HCN) 3 , turns brown at 140° C. with partial dccom])osition, 
and m(*lts at 180° C. It is decomposed by being heated with baryta 
water into carbonic acid, ammonia, and amino-acetic acid ; it is there- 

/CN 


fore probably the dinitrih' of aminomalonic acid, NIIg-CTI 


\pN. 

That hydrog(‘n cyanide is itself the nitrile of formic acid is shown 
by the fact that it is rc'solved into this acid and ammonia when boiled 
with concentrated mineral acids and alkalis : 


HCN + 2 H 2 O = HCOOH + NH 3 


Hydrogen cyanide is reduced to methylamine, CHaNHg, by nascent 
hydrogen or by hydrogen gas at 140° C. in presence of platinum black. 

In sunlight chlorine converts hydrogen cyanide into cyanogen 
chloride ; cyanogen bromide and iodide arc also produced, though less 
readily, from hydrogen cyanide and the corresponding halogen according 
to the (Equation : 

CNH + Xg = CNX + HX. 

Hydrogen cyanide reacts with an organic carbonyl group, producing 
a cyan hydrin, thus : 

yCN 

>CO +HCN = >C( 

\OH, 


‘ Kahlenbcrg and Schlundt, J. Physical Chem,, 1901, 5 , 167. 
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whence by hydrolysis a hydroxyacid results : 

/(\ AOOll 

>c: +211.0 - >c( +NM3. 

oil Am 

An af] neons solution of hydrogen cyanide is a very weak acid : hydro- 
cyanic or prussic acid. 

A soluiion of the acid does not r(‘dden litmus ; its soluble salts are 
largely hydrolysed i/i aqueous solution, and are decomposed by atmixs- 
pheric carbon dioxide, so that they smell of hydrocyanic acid. 

'I'hci (‘hetric eonductivdty of aqueous hydrocyanic acid has been 
measured by WalkfT and Lormack ^ at 18° C., with the following results : 


V. 


Y- 

K. 

2 

()()188 

512 X 10 ® 

OOglSl 

4 


7-:}8 X 10-5 

OOglGS 

8 

()o:vi() i 

8-01 X 10-5 

00yl83 

16 

00.‘}05 

1010 X 10-5 

OOglSO 



Mean . 

008182 


The dissociation constant, which may be taken to bc‘ 1*8 x 10 + 
shows the strc‘ngth of hydrocyanic acid to be only oiu -fortieth that of 
hydrogen siil[)hide and one two-hundredth that of carbonic acid. From 
measurements of the hydrolysis of potassium cyanide at 25® C. van Laar ^ 
has found the value K — 8-1 X 10+ whilst by measuring the potential 
between a silver electrode; and a solution of potassium silver cyanide at 
18®C. Morgan ^ found K — 2 -G X 10 ~®. The percentage degree; of 
electrolytic dissociation of .hvelrocyanic acid in dc'cinorrnal solution ^ 
is 0 011. 

'riu; catalytic inlluence of the cyanide ion in promoting the* change 
of ben/alelehyele inte) benzoin has been studied by Stern,® and the 
me^chanism of the aeldition of the elements of IICN to carbon compounds 
by Lap worth. 

The Cyanides. “The cyanieles of the alkali and alkaline earth metals 
are soluble in water and are conside;rably ionised in solution. Other 
cyanides except mercuric cyanide' are insoluble. Because of the weakness 
of hydrocyanic acid, mercuric cyanide shows, to a grcat(;r degree than 
other mercuric salts, chemical inertness in solution owing to feeble 
ionisation. Silver cyanide resembles silver chloride in physical 
properties ; it is a white, curdy precipitate, which, however, differs 
from the chloride by its solubility in concentrated nitric acid. The 

^ Walker and Oorniack, Tram. Chem. 80c. 1900, 77 , 10. See this volume, p. 130. 
whore v, Xv, y. and K are defined. 

® Van Laar, Zeitsch, 'phymkal. Cfiem., 1893, 12 , 746. 

* Morji^an, Zeitach. ph/sihal. Chem., 1895, 17 , 534. 

* Walker and Cormack, Trans. Chem. 8oc.^ 1900, 77 , 16. See this volume, p. 130. 

* Stem, Zeitsch. physikal. Chem., 1905, 50 , 613. 

* Lapworth, Trana, Chem. Soc., 1903, 83 , 995, and 1904, 85 , 1206. 
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solubility of silver cyanide in potassium eyauide solution with the 
formation of KA.sy(CN) 2 , containinuj the anion Ag(CN) 2 ', illustrates an 
important ^^ciieral ])rof)crty of the cyanides, lliat of forming complex 
cyanides. These arc^ of diflVavut degree's of stability : from the k'ast 
stable, as for instance K 2 Ni(CN) 4 , dilute mineral atads rc'prec'ipitate 
tlic simple insolubh^ cyanide ; from the most stiibie, as for instance 
K 4 Fc(CN)g, the free, solid acicl, e.g. Il 4 Fe(CN)g, is separated by mineral 
acid. The following list includes representatives of the com})lex 
cyanides, which, like the ammines, are forme d by the members of the 
eighth and contiguous groups. These ctnn pounds will be dealt with in 
detail under the resp('ctive metals. 

C(>[)per, silver, gold, and cadmium form the following complex 
cyanides : 

K2CU2{CN)4, KgCU2(CN)g 
KAg(CN)2 

KAu(CN),, 1 IAu(CN) 4 
K^CdCCNK; 

whilst chromium, manganese, and the metals of tlie ( ighth grouj) form 
complex cyanides of several different types, as the* follow ing table shows. 
Where tlie free acid is known its formula a]:)pears. 



H,M(CN)4 


H,M(CN)„ 

Cr 

_ 

ir,Cr((:N)„ 

K3Cr(CN)„ 

Mn . 

— 

lJ,Mn(C:N)a 

K,.Mn(CN)a 

Fc 

— 

H,Fc{CN)e 

Il3Fc(CN)„ 

Ni 

K2Ni(CN)4 

— 

-- 

Co 

— 


H3Co(CN)g 

Ru 

— 

II^Ui.CCN), 

— 

Rli . 

— 

— 

K3Rh(CN)g 

Pd 

K2Pd(CN)4 

— 

— 

Os 

— 

H,()s(CN)a 

— 

Ir 

— 

KJr(CN)a 

H3lr(CN)e 

Pt 

i 

H2Pt{CN)4 

j 

1 


Constitution of Hydrocyanic Acid, Cyanogen Halides, and the 
Cyanides. — Hydrogen cyanide, cyanogen halide, and a metallic cyanide) 
may be formulated respectively as : 

H CiN, X CiN, M C.N or II N:C, X N:C, M N:C. 

The normal formulie, first given, have generally been ])rcferrcd, because 
they show the carbon atom to be quadrivalent, whilst the nitrogen atom 
is tervalent ; but there is a reason ^ for preferring the uo formulae, 
in which hydrogen, halogen, or nudal is attached to nitrogen rather 
than to carbon. 

The reactivity of halogen and hydrogen atoms attached to nitrogen 
is superior to the reactivity of the same' titoms attaciied to carbon ; 

^ Chattaway and Wadmorc, Trans. Chtm. Soc,, 1902, 8 i, 191 ; soc also Miohaoi and 
Hibbert, Anruxlen, 1909, 364 , 64. 
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and a study of tli(‘ cyano^rcn halides shows them to possess all the 
eharaetc risties of (*oin[)onnds having halogen attached to nilro^cm. 
Tliis is borne oiil by such a reaction as tlie following ; 

c: : N -Br |- 2111 - C :N H f lIBr | I,. 

wliieii, being easy of achievement, is regarded as proving that bromine 
is attached to nitrogen. 

Now the cyanog(in halides arc n^adily formed from hydrocyanic 
acid and its salts, which tJiercfore in all probability have a similar 
composition, being iso compounds, thus : 

C:N IIand C:N M. 

Additive Comjwunds of Hydrogen Cyanide . — When liydrogen chloride 
is ]3assed into anhydrous liydrogen cyanide at — 10° C., and the solution 
is then lieated to J35° (>., tlu' compound IICN.HCl is formed,^ and crystal- 
lises on cooling. If hydrogen cyanide has the constitution :C:N*H, the 

compound with IICI is .C=-N*CJ. This compound is very hygroscopic 
CK 

and is decomposed by water into formic acid and ammonium chloride, 
but may be sublimed. AnotluT compound, 2ilCN.6tiCl," (!xists 
whicli apj^cars to be the hydrochloride of dichlorm(‘thylformamidine,‘’ 
(NII==Cjl--~Nll---CHCloJ.^^^^^^ 

Physiological Action of Hydrocyanic Acid. — Hydrocyanic acid is 
OTIC of the most ])owerful poisons known, and it is very rapid in its action. 
An amount equal to weight of its blood suflices to 

kill a dog,^ and a few drops brought into a dog's eye kills the animal in 
thirty S(‘conds ; 0*05 gram has ])roved a fatal dose for a man, though 
larg(‘r quanli tit's have been taken without fatal effects. Tlic symptoms 
of poisoning by prussic acid are headache, nausea, difficulty of brt'ath- 
ing, ])alpitat.ions, tetanic spasms affecting the muscles of the jaws and 
limbs, paralysis, and insensibility. 

The cause of the poisonous action of hydrocyanic acid and the 
soluble cyanides is not known, but an analogy has been traced between 
this action and the inhibiting effect of the same substance on catalysts 
such as ferments and colloidal metals.^ 

Ammonia or chlorine water appears to serve as an antidote, though 
in neither case is the chemical action undt'rstood. 

Detection and Estimation. — In cases of poisoning hydrocyanic acid 
is se]>aratc‘d from the matter containing it by distillation with tartaric 
acid. Foi- the detection of small quantities of hydrocyanic acid in 
aqueous solution several methods an* available. 

(i) The cyanide may be cornerted into Prussian blue by boiling 
its solution with alkali wdth the addition of ferro\is and ferric salt. On 
acidifying ferric ferrocyanide separates as a deep blue precipitate, or, 
if only a trace of cyanide was present, shows a blue or green colour. 
By this test I part of cyanide in 50.000 can be detected. Extremely 
dilute solutions of hydrogen cyanide containing as little as 0*00002 

‘ Cajitier, Chim. Phys.^ 1869, [ivj, 17 , 103. 

'' Claisen and Matthews, Trans. Chem. Soc.^ 1882, 41 , 264 

^ Gattormann and Schnitzspahn, Ber., 1898, 31 , 1770. 

* Grcljant, Compt: .rend., 1889, 109 , 502. 

^ Schonbein, J. prd'^L Chem.^ 1863, 89 , 334 ; Brodig, Zeiisch. physikal. Ohem., 1899, 
31 , 258 ; Senter, Zcitsdi.^physiM. Chem., 1903, 44 , 257 ; 1905. 51 , 673. 
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^ram per c.c. may he made alkjilinc, evaporated to small bulk, and 
then tested for in this way.^ 

(ii) Conversion into nitroprusside,^ which <x\ycs a purple colour with 
alkali sulphide, serves 1o d(‘t(‘ct 1 j)art of (‘vanidc; in 800,000. 

(iii) By evapora.t.ion to dryness with yclloAV ammonium sulphide 
cyanide is convertt d into thiocyanate, which j^ivt's a blood-red colour 
with ferric chloride.^ Tliis test will detect 1 part of cyanide in even 
4,000,000 parts of solution. 

(iv) Cyanide solution i^ives a deep red colour ^ with picric acid. 

Cyanide is estimated volu metrically by adding to its alkaline solution 

standard sih’cr nitrate solution until a permanent pn.'cipitatc appears. 
One molecule of silvcT nitrat(‘ then corresponds to two molecules of 
cyanide owing to the formation of KAg(CN)2, according to the reaction : 

AgNOo H- 2KCN - KAg(CN)2 -|~ KNO3. 

The estimation may be carried out gravimetrieally by weighing tlu‘ 
corresponding silver cyanide, or by re ducing it and weighing the metallic 
silver. 


HALOGEN DERIVATIVES OF HYDROCYANIC ACID 

The hydrogen atom in the molecuh^ of hydrocyanic acid is replace- 
able by a halogen atom forming CNCl, CNBr, or CNI. These halides 
can polymerise, forming th(; cyanuric halides (CNCl) 3, (CNBr),, and 
(CNI)n. 

Cyanogen Chloride (Chlorocyanogen), CNCl. — Cyanogen chloride was 
first obtained by Berthollet by the action of chlorine on hydrocyanic 
acid ; Wohler ® prepanui it by passing chlorine into a saturat(.‘d solution 
of mercuric chloride and subsecpu'iitly distilling ; and Gautier ® saturated 
aqueous hydrocyanic acid (lHCN:4Aq.) with chlorin(‘, addt^d excess 
of m(TCuric oxide and calcium chloride to the wdl-cooled solution, and 
afterwards distilled off the cyanogen chloride. Ilantzsch and Mai ’ 
added potassium cyanide to saturab'd chlorine water at 0” C. till all i lu.' 
chlorine was absorbed, then again saturated the liquiil with chlorine 
and added more cyanide. Tlu? cyanogen cliloride thus formed was 
then vaporised and condensed. 

Cyanogen chloride has been variously described as a gas and a 
liquid. Possibly two forms of the liquid exist which boil at — 12° C. 
and + 12-7° C. (Rcgnault ®) or 15*5° C. (Wurtz *) respectively. The vapour 
density is in cither case 2*18, which corresponds to the molecular 
formula CNCl. The vapour has an irritating smell. 

Liquid cyanogen chloride solidities at — 18° C. (Rcgnault) to a mass 
of long, transparent prisms which melt at — • 7° C. or, according to W urtz, 
at — 12° C. to — 15° C. 

The heat of formation of cyanogen chloride is + 26,900 calories, 

^ Landor and Walden, Amhfsly 1911, 36 , 266. 

* Vortmann, Wien. MonaUhl., 1886, 7 , 416. 

® Liebig, Annakn, 1851, 77 , 102. 

* Braun, Zeitsch. anal. Ohenut 1864, 3 , 464. 

* Wohler, Annaten, 1850, 73 , 219. 

* Gautier, Annale/h 1867, 141 , 122 . 

’ Hantzsch and Mai, i895, 28 , 2471. 

® Regnault, Jahresber., 1863, 65, 70, 74. 

* Wurtz, Compt rend., 1847, 24 , 436. 
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and its heat of eoinbiistion 126,000 calories.^ This compound dissolves 

in water without deeoinposition, ulso in various organic solvents. 

In th(‘ pure stat(‘ cyarujgen chloride is stable, though iindcT certain 
conditions it polyint‘ris(\s into cyannric chloride (CNCl)^. Alkalis 
decompose it into a mixture of cyanat(‘ and chloride ^ : 

CNCl + 2KOII - KCNO + KCl + IlgO, 

and ammonia solution forms cyanamide and ammonium chloride : 

CNCl + 2NII3 =- CN NH2 + NIT4CI. 

Cyauog(‘n chloride forms the additive compounds J5Cbt.(’NCl ^ and 
TiCl^.CNCl 'S* it is a synthetic agent in organic chemistry. 

Cyanogen Bromide {Broniocya nogen), CNBr, resembl(\s CNCl in its 
manner of j)reparation, being formed by the action of bromine on 
hydrocyanic a(;id or a cyanide A It forms transparent prisms by 
sublimation, which pass into a cubical form; it melts at 52° C., and boils 
at 61 -3" C. ^ ; its vapour density is 3*607 ; it is poisonous, and its vapour 
is ])ungeiit and affects the ey(‘s. Tlu.' lu^at of formation of CNBr from 
its elements is — 37,000 caloric's, and from (CN)2 and Br2 + 40,000 
calories.® It easily polymerisc's to (('NBr)3. 

In dilute aqueous solution cyanogc'ii bromide' sliows no evidence of 
ionisation. Hydrogen sulphide redacts quantitativcjly with it, thus: 

CN Br + H2S = HCN + lllk f S ; 

and the following reactions arc also characteristic : 

2KOII + CNBr - KBr + KCNO + HgO 

NaaSOg + CNBr + H2O = NaBr + NaCN + H2SO4 

HI f CNBr - IBr + HCN ; IBr + HI = HBr + 1. 
K2S + CNBr - KBr + KSCN. 

A theory of the mechanism of these reactions is given by Dixon and 
Taylor.7 

Cyanogen Iodide {lodocyanogen), CNI. — ^This compound is formed 
by the action of iodine on mercuric cyaiiide ® ; if the iodine is dissolved 
in anhydrous ether ® the cyanogen iodide goes into solution in the ether, 
and renuiins behind aftc'r the evaporation of the latter. 

Iodide of cyanog<?n crystallises in long white needles which melt at 
146*5° C. and easily sublime, giving a vapour whose density corresponds 
to the formula CNI, has an unpleasant smell like that of the bromide, 
and is very poisonous. This compound often occurs as an impurity 
in commercial iodine. Its heat of formation from its elements is 
— 23,100 calories, and from (CN)2 and I2 + 17,900 calories.^ It is 
easily soluble in alcohol and ether, sparingly so in water. This com- 

^ Lemoult, Ann. Chim. Phys., 1899, [vii], i 6 , 338. 

® Martins, Annalen, 1859, 109 , 79. 

® Wohler, Annalen, 1850, 73 , 219. 

* Sorullaa, Ann. Chim, Phys., 1827, 34 , 100 ; Langlois, Ann, Chim. Phys., 1861, [iii], 
61 , 482. 

® Mulder, Pec. Trav. chim., 1886, 4 , 161 ; 5 , 85. 

Borthelot, Compt. rend., 1871, 73 , 448 ; Ann. Chim. Phys., 1875, [iii], 5 , 433. 

^ .Dixon and Taylor, Trans. Chem, Soc., 1913, 103 , 974. 

® Davy, Gilb. Annalen, 1816, 54 , 384; Seubert and Pollard, Ber., 1890, 23 , 1062. 

• Linnomann, Annalen, 1861, 120 , 36. 

Berthelot, Compt, rend., 1871, 73 , 448 ; Ann. Chim. Phys., 1875, [iii], 5 , 433. 
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poTincl is lanchangcd in aqueous solution by hydrochloric or sulphuric 
acid, but reacts witli hydriodic acid thus ^ : 


CNI + HI = IICN + Ig. 


The reaction bet\v(^en cyanogen iodide and a soluble iodide in aqueous 
solution is brougiit about by the presence of hydrog(‘n ions. It has 
therefore been proposed to use it as a nudliod of a-eidiin<dry.^ 

Polymerised Cyanogen Halides. — Cyanuric chloride, (CNC 1 ) 3 , cya- 
nuric bromide, (CNBi^, and cyanuric iodide, (CNI)„, an^ known. 

The two former substances contain the six-membered ring — 

I 

C N 



\- 


C 



being halides of cyanuric acid (CNOH)^, whi(‘h has a similar constitution. 
Cyanuric iodides is not known to be similarly constituted. 

Cyanuric Chloride, (CNC1)3, is foriru'd by tlu^ polymerisation of 
cyanogen chloride, which bikes place s])()ntancously in j)rcscnce of a 
little hydrochloric acid.^ This polymerisation may be accounted for 
by the chlorimino-structure of cyanogiai chloride, :C:N*C1, whose 
molecules combine with hydrogen chloride to form the hydrochloride 

•C : N • Cl, throe molecules of which condense, wth elimination of 
CK 
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The polymer is also formed when chlorine acts on hydrocyanic acid in 
presence of sunlight,® or upon a chloroform solution of the same substance' 
containing 1 per cent, of alcohol ® ; it also results from the action of 
phosphorus pentachloride on cyanuric acid,^ (CNOH) 3 . 

Cyanuric chloride consists of colourless, monoclinic crystals which 
melt at 145° C., forming a liquid boiling at 190° C.® ; the vapour density « 

^ See Kovach, Zeifsch. ph/sikal. Chew., 1912, 8o, 107. 

* Kastle and Clark, Amer, Chem, J., 1903, 30, 87. 

® Hantzsch and Mai, Ber., 1895, 28, 2471. 

* Chattaway and Wadmore, Trans. Chem, 80 c., 1902, 81, 194. 

* Gautier, Annnlau 1867, 141, 122. 

« Diels, Ber., 1899, 32, 692. 

Beilstein, Annalen, 1860, n6, 357. 

® Bineau, Ann. Chim. Phys., 1838, 68, 424; 1839, 70, 254. 
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is 6*35, which cronvsporuls lo the formuhi (CNC 1 ) 3 . The heat of forma- 
tion of (CNCl)^ from its (‘IcMuents is 107,900 calories ; its heat of poly- 
merisation from li(}iii(l CNCl is 28,700 calories ; its heat of combustion 
292,000 calorics.^ Cyamiric chloride dissolves in alcohol, chloroform, 
and otlier organic solvents without d(‘composition ; water or moist air 
hydrolyses it into cyamiric and hydrochloric acids. 

Cyanuric Bromide^ (CNBr).^, resianbics cyamiric chloricip. It is 
formed from impure cyanogen bromide at 13()°-140° C.,^ and in 70-80 
per c(ait. yield by the action of nascent hydrogen bromide on a benzene 
solution of cyanogen bromide ^ ; it is also obtained by the action of 
bromine on potassium ferricyanidcA It is a white, amorphous powdea* 
which melts at 300° C., and is hydrolysed by water into cyanuric and 
hydrobromic acids. 

Cyamiric Iodide^ (CNT)„, is formed as a dark-brown amorphous 
powder by the action of hydriodic acid on eyanuri(! chloride. It is 
decompost'd above 200 ° C. into iodine and paracyanogen ; consequently 
its molecular constitution is unknown, llot ^vater hydrolyses it into 
cyanuric and hydriodic; acids. 

Cyanamide, ("N-Nllo.- - Cyanamide is formed, according to a common 
wa.)'" of pr(‘paring aniides, by the action of ammonia on the chloride ® : 

CNCl + 2 NJr 3 - CN NII 2 + NII 4 CI ; 

it is also conveniently obtained from thiourea by th(‘ removal from it 
of HgS through the agency of pr{‘ci])itatc‘d mercuric oxide : 

+ HgO - CN NII 2 -f HgS -f II 3 O. 

The mercuric oxide is added to an a(]Uc.‘Ous solution of thiourea until 
a drop of the li(piid ceases to darken ammoniacal silver nitrate solution 
l)y formation of AggS. The liltered solution is thcui (‘vapcjrated and 
(extracted with ether, whence cyanamide crystallis(‘s. 

Cyanamide melts at 40° C., and can be dislill(‘d at 143°-144°C. under 
18 mm. pressure*, it is cl (‘liquescent, is volatile in steam, and is converted 
by very dilute nitric acid into urea : 

CNNIT 2 + H 2 O = CO(NIl 2 ) 2 . 

Like the amides of other wc'ak acids, cyanamide possesses both basic 
and acidic properties. The dihydrochloridc, CN-NH 2 . 2 IIC 1 , is formed 
as a crystalline powder when hydrogen chloride gas is passed into an 
ethereal solution of cyanamide ; on the other hand, the di-silver salt 
CN*NAg 2 is precipitated as a yctllow powder when ammoniacal silver 
nitrate is added to an aqueous solution of cyanamide. lakewise the 
monosodium salt CN*NHNa is formed when sodium ethoxide reacts 
with alcoholic cyanamide. 

Calcium cyanamide mixed with carbon is produced, rather than 
calcium cyanide, when nitrogen is passed over calcium carbide heated 
in an electric furnace : 

CaCg -t- N 2 = CN-NCa + C. 

* Ijemoult, Ann. Chim. Phys., 1899, [vn], 16, 338. 

3 Kghis, Ber., 1869, 2, 169 ; Ponaraerew, Ber., 1886, i8, 32(51. 

^ Meyer and Niibe, ./. prakt. ChenUf 1910, [ii], 82, 621. 

^ Merz and Weith, Ber., 1883, 16, 2894. 

® Bineau, Ann. Chim. Phjfs., 1838, [iil, 67, 368; 1839, fii], 70, 261; Cloez and Can- 
nizzaro, Compt. rend., 1861, 32, 62. 
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The product known as “ Kalkstickstoff ” or “Nitrolim” is employed as 
a nitrogenous manure.^ 

Calcium cyanarnide is hydrolysed by cold water with the fV)rmation 
of dievanamide ; 

/Nil, 

i^CaN NC + 4H.,0 = 2€a(OII)o + Nil : C<( 

\niicn. 

When carbon dioxide is passed through this solution calcium cyanamido- 
carboxylate,^ CN-N<^q> 0 . 5 II 20 , is produced. 

Under tlie influence of heat cyanarnide polymerises^ to dicyanamide, 
and cyanuramid.-, (CN-NH^^a. 


CYANIC ACID AND KELATED COMPOUNDS 

There are four compounds having the empirical formula lICNO : 

OC=-NH (isO“)cyanic acid 

C— N-OH fulminic acid 

(CON 11)3 cyan uric acid 

(CONIl)n cyameJide 

Cyanic Acid. — Potassium cyanate is formed, togetlier with cyanide, 
when cyanogen reacts with potash : 

(CN )2 + 2K0II = KNCO + KCN + H^O, 

The same salt is produced by the oxidation of fused cyanide by the air or 
a reducible oxide such as red lead ; also by heating potassium dichromate 
with anh^'drous potassium fcrrocyanidc, and extracting the; melt witli 
ethyl alcohol containing a little methyl alcohol.'^ Sodium cyanate is 
formed, together with other products, when sodium nitrite is heated 
with carbon.® Cyanic acid cannot be isolated by liberation from 
potassium cyanate, because it is unstable in aqueous solution, taking 
up the elements of water to form ammonium hydi’ogen carbonate : 
CONII + 211 . 2 O = NH 4 liC 03 . Consequently a cyanate effervesces 
with dilute hydrochloric acid like a carbonate. 

Cyanic acid may, however, be obtained by heating cyanuric acid in 
a current of carbon dioxide and condensing the evolved vapour in a 
freezing mixture. Thus obtained, at low temperature, cyanic acid is 
found to be a colourless, volatile liquid, which has a density of 1*1558 
at — 20 ° C. and 1*140 at 0 ° C. It has a pungent smell rescanbling that of 
acetic acid. Its vapour density at 440° C. is 1 *50 (air == 1 ), wliich supports 
the monomolecular formula, CONH. The heat of formation of cyanic 
acid from its elements (C as diamond) is about 37,000 calories.® At 
atmospheric temperature cyanic acid passes, with evolution of heat, 
into the solid polymer cyamelide, whence cyanic acid is recovered by 

^ Caro, Zeitsch, angew, Chem., 1910, 23, 2405. 

* Uli)iani, Gazzetta, 1908, 38, ii, 358- 

’ Haag, Annalen, 1862, 122, 22. 

* Bell, Chem. News, 1875, 32, 49 ; Erdmann, Ber,, 1893, 26, 2438. 

® Lidofi, J. Bliss. Phys. Chem. Soc., 1911, 43, 051. 

« Berbhelot, Compt. rend., 1890, 123, 337. 
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vaporisation. Aqueous cyanic acid is subject to three types of 

change * : 

I. Polymerisation of the non-ionised acid in concentrated solution : 

;}II(;N 0 =- (HCN 0 ) 3 . 

II. Decomposition in presence of an acid: 

CNO' + up + 2ir - NIl4* + CO2. 

III. Spontaneous decomposition of dilute solid ion : 

2 ir 4 2CNO' + HgO - 00(1x112)2 + CO2. 

Comtiiuiion of C yanic Acid, — Since the isomeric fulminic acid is 
C-“N*OIT, th(‘re remain two possible formuhe for cyanic acid : N^COH 
and 0~C-“N1L the former of which might be calle d normal and the 
latter iso-cyanie acid. Tlie normal acid app(*ars, however, not Iri 
exist eithe r in free slate or in the form of its salts or csUts.*^ Cyanic 
acid and the cyanates. tlKTcfore, are iso- compounds, and are indeed 
carbonimidf* and its dirivatives. Nevertheless the name (;yanic, rathcT 
than isocyanie, acid is usualh^ employed for this acid. Michael and 
Hibbert support th(^ conclusion that the cyanic acid botli in the state 
of vapour and in solution is carbonimidc, CO:NIl. 

The relation of cyanic acid, (X)NIl, to its two polymers, cyanuric 
acid, (CONI 1)3, and cyamelide, (CONII)„, is an interesting one, and 
forms a valualile subject for study from the standpoint of the pliasc 
rule. The relationship belwt'en the vapour of cyanic acid and its 
two solid forms has been investigated by van ’t Hoff/ who has found 
that tlie triple ])oint at which these tlin^e }>hascs are in equilibrium is 
at 150 ” C. under 50 mm. pressure. As pn^viously stated, it is only when 
cyanic acid vajiour is rapidly cooled in a freezing mixture that the 
unstable liquid cyanic acid is produced. 

Cyanic acid forms an additive compound with liydrochloric acid, 
and is reduced by nasccait hydrogen to formamide, HCONHg. 

The Cyanaiefi, — Ammonium cyanate is an interesting salt, because 
Wohler in 1828 observed its transformation into urea, and thus showed 
that an “ organic ” compound could be obtained from an inorganic 
source without the intervention of “ vital force.” If a solution of 
j)otassium cyanatc, a salt obtained by the oxidation of potassium 
cyanide by fusion with red lead, is evaporated to drjmess with an 
(equivalent quantity of ammonium sulphate, urea is formed from 
the resulting ammonium cyanate, and may be extracted with alcohol 
from the residue, leaving potassium sulphate. The reaction, which is 
bi-molecular, since it takes place between cyanate and ammonium ions, 
may be represented thus : 

CON' + NH^- ^ CO(NHa)2. 

The dynamics of this reaction has been studied by Walker,® Walker 

^ Normand and Cnmming, Tram. Chem. 1912, xoi, 1852. 

® N(;f, AnmaJr.v, 1895, 287, 290. 

• Michael and Hibhert, Anmlmf 1909, 364, 129. 

* Van 't HolT, StH(lic.s in Chemical Dynamias, Eng. edn., 1896 (Williams and Norgato), 
pp. 37 ei seq. 

Walker, Trans. Chem. Soc., 1895, 67, 746 ; Ztitsch. phjsikal, Chem., 1902, 42, 207, 
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and Applcyard,^ Fawsitt,^ and Walker and Kay.^ The translbrmation 
of ammonium cyanatc, in the state of its ions, into urea is aecompanied 
by a heat evolution of 5000 calories per gram molecule. 

By the action of hydrochloric acid urea undergoes the following reaction : 

CO(NJl2)2 + 2HC1 + HpO ‘2NH4CI + CO2, 

which is made up of these stages : 

1. CO(NIl2)2 ^ C0N(NR4) 

2 . CON(Nll 4 ) -I- IICJ - COXH f NIT 4 CI 

3. CONII {- lUO + IICl - CO 3 + NII^CL 

Metallic cyaiiates are liydrolysed by hot wa.t(M^ into carbonates 
and urea according to the reaction : 

M(CN0)2 + 2II2O = MCO., + ( 0(Nri2)2. 

The reaction takes place in two stages : (i) a slow hydrolysis of CNO' 
ions yielding carbonate and NIT 4 ’ ions, (ii) interaction of NH 4 ’ and 
CNO' to form urea. The cyanates of sodium and potassium are 
hydrolysed by water according to the equation ^ : 

4MCNO + Gllfi :-2M2C03 + (NlldoCO.^ + CTKNIIa)^. 
Bromine reacts with potassium cyanate according to flic e(piation ■’ : 

4KCNO + til/) H 3 Br 2 - 4KP>r + 2 NIl 4 Br + N 2 + -iCOg. 


Silver, Icjui, nienturous, and cupric cyanates are white precipitate's 
practically insoluble in water. 

Cyanuric Acid, (C()N'II) 3 , is produced by the condensation of cyanic 
acid vai)ourabove ]50'' l)y the action of ammonia on phosgene, COClg, 
and by iK'ating urea above its melting-point as long as ammonia is evolved 
(Wohler), Tlu' reaction 

3C()(NIl2)2 = (CONII )3 + 3 NII 3 


depends U])on tlu' formation of ammonium cyanate. followed i)y the 
loss of ammonia, and ])()Jymerisation ol* tliree molecules of cyanic acid 
thus set free. The us(^ of anliydrous zinc chloride promotes thi^ forma- 
tion of cyanuric acid.‘^ Cyanuric acid is also produced by chlorinating 
or brominating ^ urea, and hydrolysing the rc'sulting cyanuric halide. 
The acid crystallises from concentrated sulphuric acid in anhydrous 
quadratoctahedra, and from water in dihydrated monoclinic prisms. 

The formation of this acid from urea suggests that it possesses an 
imidic rather than a hydroxylic constitution, and this view is borne out 
by the character of its absorption spectrum.® Cyanuric acid is there- 
fore, probably, tricarbonimide : 
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^ Walker and Apployard, Trans. Chem. Snr., 1896, 69, 19:5. 

* Fawsitt, Trans. Chan. Soc., 1904, 85, 1581 ; 1905, 87, 494 ; Zeitsch. physikal. Chem. 
1902, 41, 001. 

* Walker and Kay, Trans. Chem. 8or., 1897, 71, 507. 

* O. and I. Masson, Zeitsch, physikal. (J/tcm.„ 1910, 70, 290. 

® Norraand and Gumming, Trans. Chem. 8nc.^ 1912, loi, 1862 

* Walther, jyrakl. Chem., 1909, [ii], 79, 120. 

’ Smolka, Monatih.f 1887. 8, C5. 

® Wurtz, Annalen, 1847, 64, .S07. 

» Hartley, Proc Chem. Soc., 1899, 15, 46 j 1900, i6, 129. 
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Anhydrous cyanuric acid has a density of 1*768 at 0 ® C. ; it does not 
melt, but sublinu\s above 150° C., producing cyanic acid vapour; at 
350° C. it decomposes. 

The heat of Ibrniation ^ of cyanuric acid from li(pud cyanic acid is 
37,000 calories, and from its elements 166, tOO calories ; its heat of 
combustion is 220,000 calorics. One hundred parts of water dissolve 
0*125 i)arLs of cyanuric acid at atmospheric tenuperature, and 4 parts 
at 100 ° C.*** ; the acid is readily soluble in alcohol. 

Cyanuric acid is a very weak tribasic acid whose aqueous solution 
docs not affect indicators ; its tri- and di-alkali salts are much hydrolysed 
by water, and are converted by carbon dioxide into the mono-salt. 

Cyamelide» (CONlI),i, a polymer of cyanic acid of unknown molecular 
weight, is formed from this acid at 0 ° C. by spontaneous polymerisa- 
tion with evolution of heat and light, and may also be prepared by 
gently heating a mixture of equal parts of i)otassium cyanate and 
oxalic acid. It is a wlhte amorphous powder, which, in accordance 
witli high molt'cular weight, is insoluble hi water and other solvents ; its 
density at 0 ° C. is 1*974 ^ ; its h(^at of formation per gram is 1362 ealori^^s ; 
and its hc^at of combustion 1630 calories. The heat of transformation 
of cyamelide into cyanuric acid is — 9600 calories. Cyamelide dissolves 
in alkalis, forming cyanales ; it dissolves in sulphuric acid unchangc^d, 
whence it may be precipitated by^w’ater, but when warmed with the 
concentrated acid it passes into cyanuric acid, and eventually into 
carbon dioxide and ammonia. 

Fulminic Acid, CNOll, formed the subject of the first investigation 
of isomerism by Liebig and Wohler, since its salts were found to possess 
an identical qualitativx^ and quantitative composition with those of 
cyanic acid. Thc^ mercuric salt of this acid is prepared by adding 
alcohol to a solution of mercury in excess of nitric acid ; and the acid 
itself, which is exceedingly unstable, is obtained in ethereal solution 
wh(m its mercuric salt, suspended in ether, is decomfiosed with dry 
hydrogen chloride. Fulminic acid is also formed and its silver salt 
obtained when aminomethylnitrosolic acid decomposes in presence of 
nitric acid and silver nitrate : 

0N*C{NH2):N*0H H 2 O + Ng + C;N*OH. 

Methenylamino-oxime, when treated with nitric acid and silver nitrate, 
also yields silver fulminate : 

CH(NIl 2 ):N*OH NH 3 -f CiN OUJ 

It has been shown by Nef ® and Scholl ® that the acid is carbyloxime, 
C=N — OH ; Palazzo,’ however, regards it as tautomeric and a pseudo- 
acid : 

HC:N:Oz^C:N*OH. 

It is named fulminic acid on account of its explosive properties,, and 
its mercuric salt is much employed for the manufacture of detonators 

^ Lemoult, Compt. rand,, 1895, 121, 351. 

ScliifT, Anruilefi, 189G, 291, 370. 

• Troost and Hautefeuille, Compt. tend,, 1869, 69, 49. 

• Wieland, Bet., 1909, 42, 820. 

® Nef, Annalen, 1894, 280, 303. 

« Scholl, Ber., 1900, 33, 61 ; 1901, 34, 1441 ; 1903, 36, 10. 

’ Palazzo, AUi R. Accad, Lincei, 1912, [v], 21, ii. 713. 
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and explosive caps. In accordance with its exjdosive character, this 
acid is endothermic, the inerenric salt liberatui^^ 116,000 calories per 
f,^rarn molecule on its decomposition into mercury, luirogcii, and carbon 
monoxide. By the action of concejitrated hydrochloric acid on mercuric 

fulminate the oxime of chloroformaldeliyde, NOIl' 

dilute acid j^roduecs hydroxylarnine and formic acid. Tlie s])ontaneous 
polymerisation of fulminie acid yields m(‘lafuJininuric acid (isocyaiiuric 
acid), wJiich is probablv^^: 

yClI C : N OH 
n( I 
\0-~C : N Oir. 

Thiocyanic Acid {Siilphocyanic Acid), IISC'N. — The potassium salt 
of this acid wa‘« first preparc;d in 1808 by Porn t by boiliii" potassium 
sulphide solution with ])riissian blue ; it was examiiicd quantitativdy 
by lier/elius in 1820.^ 

The salts of the acid arc formed by the dir(‘ct union of cyanides 
with sulphur, eithe r by fusion or by evaporating^ their aqueous solutions 
with polysulpliide. They may also l)c prepared from complex cyanides ; 
potassium thiocyanat(‘, for instance, is obtained by heating together 
potassium ferrocyanide, potassium carbonate, and sulphur. Amn»o- 
nium thiocyanate is formed by warming together hydrocyanic acid 
and yellow ammonium sulphide solutions : 

+ HCN = NH4SCN + NH4HS, 

a?id is thus prepared from the cyanide formed in gas manufacture. 
It may also be obtained by the interaction of carbon disul])hide and 
an alcoholic solution of ammonia. When 350-400 grams of carbon 
disulphide are mixed with 600 grams of 95 per cent, alcohol and 800 
grams of ammonia solution of 0*912 density there is forrru‘d on 
standing a mixture of ammonium thiocarbonate and tliiocarbamate ; 
and these on heating yield thiocyanate, thus ; 

/SNH 4 , 

CS( = NCS-NH^ + 2n.,S 

\SNTI 4 

/SNII 4 

eSQ -NCS-NH^ +H 2 S. 

^NHa 

Potassium thiocyanate may also be prepared by passing cyanogen 
gas over heated potassium disuljihide : 

(CN)2 + K2S2 = 2KSCN. 

Thiocyanic acid may be obtained in solution by decomposing 
barium thiocyanate with an equivalent quantity of dilute sulphuric 
acid, or in the anhydrous state by distilling its potassium salt with 
dilute sulphuric or phosphoric acid, passing the vapour through a 
long calcium chloride tube, and then condensing it in a freezing mixture. 
A better way is to drop concentrated sulphuric acid on to a mixture 
of potassium tliiocyanate and pliosphoric oxide in an atmosphere of 

1 Wieland and Hess, JSer., 1909, 42, 1346. 

* Berzelius, Schvmgger's J., 1820, 31, 42. 
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hydrogen.^ The acid distils over under a })ressnre of 40-60 nim. The 
acid may also be obtained from its insoluble salts, such as those of lead 
and mercury, by decomposing them with hydrogen sulphid(*. At ordinary 
temperature thiocyanic acid, whose vapour is stable, is a clear, ye llowish, 
volatile, oily liquid of unknown boiling-point, which when sidliciently 
cooled forms colourless crystals, stable in dry liydrogen at — 15^ C., 
which melt at 5° C. and readily deconi})Ose, w^ith evolution of heat, into 
hydrocyanic acid and isopc‘rthiocyanic acid, C 2 N 2 S 3 II 2 The 

acid is soluble in etJuT, and is stable in dilute acpieous solution. Cryo- 
scopic measurements in bcnz(‘ne, etc., indicate a mixture of single 
and double molecules. 

Thiocyanic acid may be rcj^resented by the formula N^C — SII or 
SC—-NH. Probably the inorganic salts hav(' tlu‘ consti tution represeni ed 
by the lirst fomiula. as well as the esters derived from them. These esters 
are converted into sulphonic acids and hydrocyanic acid by oxidation : 

NCSR + TI.O d- 20 - RSO3H + NCH, 
and arc reduced by nascent hydrogen to mercaptans : 

NCSR + 2 H -= RSH H- NCH. 

They can, however, undergo isomeric change into the esters oF isothio- 
cyanic acid, which are the mustard oils : 

Nr:sC-SR -> SC=-NR. 

This change is accompanied by th(‘ ev’^olution of heal., which for the 
methyl ester amounts (.0 -f- 6800 calories.^ 

Measurements of the inoI(‘cular refraction of thiocyanates have 
been made l)y Dixon and Taylor.^ 

The heat of formation of thiocyanic acid in aqueous solution from 
its elements is — 19,900 calories, and from IICNacj. is + 5800 calories.^ 

An aqueous solution of thiocyanic acid is largely ionised and 
approaches hydrochloric acid in strength. 

Below are given the conductivity (Xv) and degree of dissociation 
(y) at various dilutions (v litres) and 25° C., whence the constant K is 
calculated.® 


V 

X. 

T 

K 

2 

826 

0-88346 

4-74 

4 

337 

0-91328 

4-81 

8 

345 

0-93495 

4-75 

16 

352 

0-95392 

4-94 

512 

1 369 

1-00000 

Mean 4-81 


^ Rosenheim and Levy, Ber., 1907, 40, 2166 ; sco also Riick and Steinmetz, Ze.itsch, 
aruirg. Chem.f 1912, 77, 51. 

* Thomsen, Thermochemische Xliif^rifucliungen, 1886, vol. iv. 

^ Dixon and Taylor, Trans. Chem. Soc.^ 1910, 97, 927. 

* Joannes, Compt. rend., 1S82, 94, 797. 

® Ostwald, Lchrbuch der allgem. Cliem., 1903, ii, I, 729 ; Rudolphi, Zeitsch. physihal, 
Chem., 1895, ly, 393. 
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Silver Thiocyanate is a cnirdy white precipitate res(imbiin<^ silver 
chloride, and insoluble in nitric acid ; ctiproiifi thiocyanate, formed by 
addin<]j thiocyanatxt solution to coj)per sulphate* in presence of sulphurous 
acid, is also a white prc^cipitate. 

Ferric Thiocyanate is the blood-i‘ed substance formed in solution in 
th(i well-known test for iron. This redaction has been the subject of 
extend(‘d investi^^ation by Ilon^iovanni,^ who has shown that it may 
be quite simply represented thus : 

FeClg + 3KCNS 3KC1 + Fe(CNS)3, 

the colour being diu* to non-ionised Fe(CNS)3. and its intensity depending 
on the product of the concentrations of ferric and thiocyanate ions. 
Tlie deeolorisation on dilution is due to hydrolysis of non-ionised 
Fe(CNS)3 into yellow, colloidal ferric hydroxide and thiocyanic acid. 
Philif) and Rraml(*y,‘‘^ howev^er, eojilinn the judguK iit of other observers 
that loss of colour is associatc'd with reduction of iron, and show that 
the following equation approximately represents the change in aqueous 
solution : 

8Fe(CNS)3 + CHoO = 8Fe(CNS)2 + 7I1CNS + CO2 + 112^04 + NH3. 

The discharging of the colour by oxalates, tartrates, etc., is caus(‘d by 
the formation of complex ions with the ferric ions of the ionised ferric 
thiocyanate, which causes furthcT ionisation of the red non-ionised 
salt, and consequent loss of colour. 

Mol3hdenura and vanadium thiocyanates arc also red and behave 
similarly to the ferric salt. 

Mercuric Thiocyanate, formed as a whihi precij)itate when mercuric 
chloi’ide and potassium thiocyanate solutions arc mixed together, is 
soluble ill excess of cither solution. When dried this salt is inHammable, 
and in burning forms a voluminous residue known as “ Pharaoh’s 
serpents.” Ammonimn thiocyanate is converted when heated in the 
fused state into thiourea : 

NH4CNS CSlNHa)..^ 

When moderately concentrated sulpliuric or hydrochloric acid is 
warmed with alkali thiocyanate a 3’^ellow solid separates, and carbonyl 
sulphide gas is evolved, which burns with a pale sulphurous (lame. The 
yellow^ substance contains iso-perthiocyanic acid, formed, together with 
hydrocyanic acid, according to the reaction ; 

3CNSH = C2N2S3H2 + HCN. 

The carbonyl sulphide is produced, together with ammonia, by the 
hydrolysis of thiocyanic acid, which, according to Klason,^ is preceded 
by the formation of thiolcarbamic acid, thus : 

CNSH -f H2O -> HS— CO— NH2 COS + NH3. 

Besides these products there are others, including hydrogen sulphide 

^ Bongiovanni, Gazzetia, 1907, 37 , i, 472 ; 1908, 38 , ii, 5, 299 ; Boll chim, farm., 1910, 
49 , 789. 

* Philip and Bramley, Tra 7 is, Chem, Soc., 1913, 103 , 795. 

® Reynolds and Werner, Trans, Chem, 80 c., 1903, 83 , 1 ; Smits and Kettncr, Proc. K, 
Akad, Wetensch. Amsterdam, 1912, 15 , 083. 

* Klason, J. prakl Chem., 1887, [ii], 36 , 57 ; 1888, 38 , 383. 



174 CAllBON AND ITS AIXIES 

and sulphur, wliieli rc'act with thiocyaiiic acid to produce the disulphide 


ot thiolthioucarl)auiic acid 


«" )■ 
\ XNlIa/ 


thus : 


2 CNSII + HaS + S II^N C S S S CS NIT^. 


This compound, however, d(*coraposes on warming, yielding ammonium 
thiocyanate, carbon disulphide, and suljdmr, thus :■ 

(NTl 2 -CS*S )2 -= NH 4 -CNS + CSg + S. 

By th(‘ action of zinc and hydrochloric acid Ihiocyanic acid is reduced 
to trithioformal(l(‘hyde, ammonia, mcdhylaniine, hydrogen sulphid(% 
and hydrocyanic acid.^ 

Bromine oxidises thiocyanates quantitati\^ely in aqueous solution, 
thus 2 : 

KSCN + 4Br2 + 4 II 2 O = KBr + CNBr + H 2 SO 4 + (JlIBr. 

Isoperthiocyanic Acid, C 2 S 3 (NIT) 2 , as stat(‘d above, is formed by 
the action of acid of moderate strength — e.g. 40 pcT cent. Imirochloric 
acid — on ammonium thiocyanate. It can be crystallised from water 
in golden-yellow needles, and is rcconvca’ted by potassium cyanide into 
thiocyanate : 

C 2 S 3 N 2 H 2 + KCN - CNSK + 2 CNSH. 

That it is probably an iso-acid containing imidfj groups is shown by 
its reduction by nascent hydrogen to thiourea and carbon disulphide : 

C2S3(NII)2 + 2H = CS(Nll 2)2 + CS 2 . 


Salts of the isomeric normal perthiocyanic acid, C 2 N 2 S(STT) 2 j® 
are formed by the action of alkalis on the iso-acid, but the free acid 

/N\ 

is unstable. Normal and iso-dithiocynnic acid, IlS-Cf /C'SII and 

/NHv 

scr 


Nnh/ 


,CS respectively, are also known ; as well as trithiocyanic 


acid, {CNSTI) 3 , which is formed by the interaction of cyanuric chloride 
and alkali sulphide.'* 

Detection and Estimation of Thiocyanate. — A thiocyanate is detected 
by its behaviour with acid described above, and by the blood- red 
colour produced with ferric chloride, which is discharged by mercuric 
chloride, owing to the formation of the complex salt : PTgCNS.HgClg. 

It may be estimated gravimetrically by precipitation as cuprous 
thiocyanate, or by oxidation by permanganate to sulphate, which is 
precipitated with barium chloride.® Volumetrically, thiocyanate is 
estimated by Volhard’s method, in which its solution is titrated 
into standard silver nitrate solution, containing nitric acid and a 
little ferric sulphate to indicate by means of a red colour when the 
thiocyanate has been added in excess. 

It is also said to be possible to titrate cuprous thiocyanate with 


* Hofmann, Her., 1867, i, 179. 

* Konig, J. prald. Gkem,, 1911, [ii], 84 , 658. 

* Klasoin, J. prakt. Chem,, 1887, [iij, 36 , 67 ; 1888, 38 , 883. 

< Hofmann, Her., 1880, 13 , 1851 ; 1885, 18 , 2201. 

* Alt, Her., 1889, 22 , 3258 ; but see Qrossmann and Holier, Ckem. Zeit, 1909, 33 , 348. 
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permanganate after dissolving it in ammonia, and acidifying the solution 
witli dilute sulphuric acid.^ 

Cyanogen Sldphide(7V^^W?/^//v^e Ay///;?/dridc), (CN) 2 S. — This compound 
r(‘sults from the intcTaction of silv(‘r lhiocyanat(‘ and cyanogen iodide. 
It is formed in ethereal solution, consequent on the se])anilion of the 
very insoluble silver iodide ^ : 

CNSAg + CNI -= Agl -I- ((^N)2S. 

The sulphide crystallises from carbon disulphide solution at 0® C. in 
rhombic tablets, which sublime above 30® C. and melt at 60® C.. and 
dissolve in water, alcohol, and ether, but are d(‘composed by alkalis, 
like other thioan hydrides, into a mixture of thio- and oxy- salt : 

(CN)2S f 2KOII - CNSK + CNOK + ll^O. 

Cyanogen sclcnide, (CN) 2 Se, also exists.^ 

* Ronnc't, An7L Chim. amiL, 1911, i6, 336. 

2 Linnemarm, Annalcn^ 1849, 70, 36 

* Schneider, Pogg, Annale/n, 1866, 129, 304. 



CHAPTER III 

SILICON AND ITS COMPOUNDS 

SILICON 

Symbol, Si. Atomic wei^^ht, 2S-3 (O ~ IG) 

Occurrence of Silicon. — Altlioii^h not occurring naturally in the 
frec‘ state upon the (‘artli, silicon is, next to oxygen, the most plcaitiful 
of the el(‘mcuts. It is always found combined witli oxygen as silica, 
whicli exists in various forms <*ither in the fri‘e stale, or united with water 
or with metallic oxid('s, forming tlie numerous and fretjuentJy complex 
silicates of which the primitive rocks of tlie ( arth’s crust so largely 
consist. Through the medium of water, silica is assimilaUd by certain 
plants ^ and animal organisms ^ ; its presence has been detected in the; 
sun and many stars, as well as in meteorites, as, for instance', that of 
the Diablo Canon. 

History. — The history of silicon and its compounds commences 
with the observation of Recher that siliceous miiUTals are suitable for 
glass-making, and contain an earth ” which he named terra vitresci- 
bilis. In IGGO Tachenius found that this “earth” combines with 
alkalis, and therefore possc'sses an acid nature. Furtlu'r knowledge of 
the element was gained by Scheele, who in 1771 prej^ared hydrofluoric 
acid, and thence silicon tetrailuoridc, which with water yielded silicic 
and hydrofluosilicic acids. The decomposition of tlu^ alkalis and alkaline 
earths in 1808 by Davy led to the belief that silica is also a compound ; 
and in the same year Berzelius obtained what he believed to be silicon 
(“ kiesels ”) by heating iron, carbon, and silica together. 

Gay Lussac and Tlicnard ^ were probably the first, however, to 
obtain the ^dement. This they did in 1811, by passing silicon tetra- 
fluoride over heated potassium ; whilst Berzelius,^ in 1823, decomposed 
potassium silicifluoridc ^ with potassium, and obtained what Vigouroux ® 
has shown to be impure silicon. Our knowledge of amorphous and 
crystallised silicon is due principally to the researches of Wohler and 
St. Claire-Devillc',’ Moissan and Smiles,® and Vigouroux.® 

^ Bertlitilot and Andre?:, Ann. Chhn. Pliys., 1892, [vi], 27, 145. 

* Schultz, Munch. Med. W oclieiiHchr., 1902, 440 ; PJiug&r'a Archiv., 1901, 84, 67 ; 
1902, 89, 1 12. 

® Gay Lussac and Thenard, see Recherches phjsico-chimiques, 1811, i, 313 ; ii, 53. 

* Berzelius, Potjg. AnnaleUf 1824, i, 169. 

® The Author prefers this nomenclature to the more usual term silioo-fluoride. The 
salt is not a silicous derivative. Although silicous derivatives are not known to 
exist, that is no justification for borrowing their nomenclature. Even if “ silico- 
fluoride” is a corruption of “silicon-fluoride,” which is probable, it is bettor to 
adopt a nomenclature which is consistent throughout. Compare, for example, with 
KgSiF^ the stannichloride, KgSnClg, also the platino- and platini-chlorides, KaPtClj and 
KjjPtCle, respectively, etc. 

® Vigouroux, Ann. Chim. Phys., 1897, [vii], 12, 6. 

^ Deville, Ann. Chim. Phys.f 1856, fiii], 49, 66. 

® Moissan and Smiles, Compt. rend., L893, 116, 1429 ; 1902, 134, 1552 ; 1904, 138, 1299. 

® Vigouroux, Compt. rerul, 1896, 123, 116; Ann. Chim. Phys., 1897, [vii], 12, 163. 
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Chemical Characteristics and Relationships.— Silicon forms with 
boron and carbon a little group of non-metals, which in the elementary 
state are characterised by distinct allotroj)y accompanied by high 
molecular complexity, so that not only are the elements non-volatile, 
even at high temperature, but they arc, for the same reason, compara- 
tively inc^rt towards chemical reagents. Silicon in combination, like 
carbon, is almost invariably quadrivalent ; though it appears that 
silica is reducible to a lower state of oxidation in which the element 
is bivalent. Silicon is one of the least electronegative of the non- 
metals, and forms compounds with other non-metals more readily 
than with metals ; moreover, silicic acid is a ve ry weak acid, and 
shares with boric, stannic, and some otln^r acids the tendency to form 
condensed acids. 

Silicon is the second member of the fourth group of the Periodic 
system ; thus it occupies a position in the centre of the second short 
period. Like its neighbours in this period, it shows a relationship to 
the first member of the group — in this case carbon — which is by no 
means close, since all the members of the first short })ca*iod show unique 
characteristics, which sc‘parate them frojn the rest of the elements. 
Especially is this the case with carbon, to w'liieh silicoji, even with 
our extending knowledge of its capabilities, will probably never 
b(‘ found to bear any close relationship. The relationship between 
silicon and other elements has been fully discussed in tlie introductory 
chapter. 

Preparation and Properties of Silicon. — Silicon exists in two dis- 
tinct allotropic forms : amorphous and crystalline. Several varieties 
both of amorphous and crystalline silicon have been described, 
but it is doubtful whether they should be regarded as distinct allo- 
tropic forms. 

Amorphous Silicon. — Preparation, — Amorphous silicon may be 
prepared in various ways, nearly all of which consist in reducing silicon 
compounds with metals. 

(1) Silicon fluoride or chloride may be reduced by sodium or 
potassium, e,g, : 

SiF 4 + 4Na = Si + 4NaF. 

Gay Lussac and Thenard ^ passed silicon tetrafluoride gas over 
heated potassium, and Deville ^ employed silicon tetrachloride vapour 
and sodium, whilst Hempel and von Haasy ® passed silicon tetrafluoride 
on to sodium heated to 400°-500° C. in a cast-iron crucible, and allowed 
the mass to cool in a current of silicon tetrafluoride, so that sodium 
silicifluoride, NagSiF^, was formed, which was easily separated from 
the silicon by means of water. 

(2) A slight modification consists in reducing a silicifluoride with 
sodium or potassium, thus : 

KgSiF, -f 4K = 6KF + Si. 

This reaction was employed by Berzelius ^ in 1823, who heated the 
reagents together in an iron tube, and subsequently removed the 

1 Gay Lussac and Thenard, Recherches phyaico-chimiques, 1811, i, 313; ii, 63 

® Devillo, Ann, Chim, Phys.^ 1857, [iii], 49, 68. 

® Hempel and von Haasy, Zeitach, amrg, Chem,, 1900, 23, 32. 

* Berzelius, Pogg, Anncden, 1824, i, 169. 
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]:)otassium fluoride by water. Wohler ^ employed sodium silici fluoride 
and sodium, and lieated the mixture, covered with common salt, in a 
clay crucible. 

(8) A further method consists in reducing? silica by heating it with 
a mental. Potassium and sodium were employed, but without great 
success ; powdered magnesium has, however, been found to be a 
suitable reducing agent, and the reaction may be carri(‘(l out as follows ^ : 
Powdere d quartz or thoroughly dried ® })rccipitated silica is mixed with 
magnesium powder in the por])ortions required for tlK‘ r(‘aetion : 

SiOg + 2Mg =: Si + 2Mg(), 

and a cpiarter of the weiglit of calcined magnesia is added.^ The mixture 
is heated in a clay crucible, first at 300''-400° C., further to ensure 
thorough drying, and then at a red heat. The reaction (juickly occurs 
with evolution of much h(‘at ; and, after cooling, the silicon is isolated 
by treating the mass with liydrochloric acid to dissolve the magnesia, 
and with hydrofluoric and suljduiric acids to re move the remaining silica ; 
the silicon is then washed with water and dried in a current of liydrog('n. 
If the reaction became too violent there would be a tendenc}^ for the 
reduced silicon to combine with the unchanged magnesium to form 
silicide according to the reaction : 

SiOg H- 4Mg = SiMga + 2MgO ; 

thus the silicon formed would be diminished in quantity, and would 
be impure. The magnesia is added to retard the reaction ; and by its 
means the silicon obtained is of 96-97 per cent, purity. 

As a laboratory exj)erim(‘nt silicon may be prepared by heating 
in a hard glass tube 4 parts by weight of thoroughly dried powdered 
white sand with 1 part of magnesium powdcT.^ 

(4) Amorphous silicon is produced wlnai tJectric sparks are passed 
through liquid sili co-ethane,® Siglle; and thus obtained, possesses 
the power of reducing cold neutral potassium permanganate solution 
and boiling copper, gold, and mercuric solutions. 

Properties of Am orphous Silicon, — Pure, amorphous silicon, prepared 
from silica by means of magnesium, according to the method of 
Vigoiiroux, is a brown, hygroscopic powder with a density of 2*35 at 
15° C. and a specific heat of 0-214 at 21° C., which is greater than that 
of crystallised silicon. Cambi has obtained another varicity of amor- 
phous silicon of a reddish-yellow colour and density 2-08, and considers 
that the different amorphous silicons are not clearly defined allotropic 
forms, but masses of forms possibly possessing different molecular 
structures.® According to Wilke-Dorfurt,® a less reactive, grey form 

^ Wohler, Annahriy 1857, 104 , 107. 

® Vigouroux, Ann. Ghim. Phys., 1897, [vii], 12 , 5. 

* Unless the silica is thoroughly dried a dangerous explosion may occur, especially 
if precipitated silica is employed. See Gattermann, Ber., 1889, 22 , 186. W^inkler, ^cr., 
1890, 23 , 2652. Vigouroux, Ann, Ghim. Phys., 1897, 12 , 153. Power, Nature, February 3, 
1910. 

* Winkler, Ber., 1890, 23 , 2652. 

® Gattermann, Ber., 1889, 22 , 186. 

® Moi.ssan and Smiles, Compt. rend., 1902, 134 , 1562. 

’ Wigand, Ann. Phys,, 1907, 21 , 95. 

* Cambi, Atti B, Accad. Lincei, 1911, [v], 20 , i, 440. 

® WUke-Dorfurt, Feetschrift Otto WalJach, 1909, 671 
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of amorphous silicon exists. The ordhiaiy amorphous silicon can easily 
be melted in a miillle furnace, and vai)orised in the electric furnace, 
yielding a polyatomic vapour.^ It reatiily dissolves in many molten 
metals ; with some, such as magnesium, eojiper, iron, and nickel, it 
forms silicides ; from others, such as aluminium, it separates in the 
crystalline state on cooling. It burns with dilliculty in air, but bril- 
liantly in oxygen at a red heat, forming silica. The heat of combustion 
of amorphous silicon was found by von Wartenberg ^ to be 195,000 
caloric's. Previously recorded values are 184,500 calories by Bcrthelot 
and 191,000 calories by Mixter. It combines with gaseous fluorine 
at ordinary tem])(‘rature, forming the tetrafluoride SiJ^^ ; and with 
chlorine at 450“ (!., bromine; at 500° C. and iodine at a still higher tem- 
perature, in each case to form the tetrahalide. Silicon combines with 
suijihur at 600° C., with nitrogen at 1000° C., and with boron, carbon, 
titanium, and zirconium in the electric furnac*e. Gascmis and licpiid 
hydrcjgen fluoride easily dissolve silicon, but hydrogen chloride, bromide, 
and iodide have little action on it even at a red he at. Steam reacts 
slowly with silicon at a red heat, forming silica and hydrogen. Most 
oxides are reduced by silicon at high tem])t*rature, the aflinity of this 
element for oxygen exceeding that of all other elements except the 
alkali and alkaline earth metals and boron and aluminium. 

All aqueous acids, except a mixture of hydrofluoric and nitric 
acids, are without action on silicon, but fused alkali and aqueous 
solutions of alkali dissolve it with evolution of hydrogen, thus : 

Si -f 2KOli + IlgO = KgSiOg + 2 H 2 . 

When silicon is fus(;d with sodium carbonate', silicate is formed and 
carbon monoxide evolved. Fused potassium diehromatc', chlorate, and 
nitrate oxidise silicon, but a mixture of potassium chlorate and fuming 
nitric acid has no action upon it (of, carbon). 

Crystalline Silicon. — Preparation. — Silicon assumes the crystalline 
form under favourable conditions. Thus it may crystallise from a 
state of solution in metals, from a state of fusion, or from the condition 
of vapour. 

(1) Crystallised silicon was first obtained by Deville ^ in 1854, 
during the production of aluminium by the electrolysis of fused sodium 
aluminium chloride containing silica as an impurity. The silicon 
crystallised from the aluminium, and remained behind when the metal 
was dissolved in hydrochloric acid, just as graphite remains when cast 
iron is similarly treated. 

(2) Wohler ^ ol)tained crystallised silicon in a similar way, and also 
devised the following method for the preparation of this substance in 
quantity : 1 part of aluminium was fused with 20 parts of sodium 
silicifluoride for fifteen minutes in a Hessian cnicible ; and the product, 
when cold, was treated with hydrochloric and hydrofluoric acids, which 
dissolved the aluminium and sodium fluorides, leaving the silicon 
behind. Vigouroux ^ modified this method by heating a mixture of 
40 grams of aluminium and 125 grams of potassium silicifluoride for 

^ Von Wartenberg, Zeitsch. Elektrochem., 1912, i8, 658 

^ Von Wartenberg, Festschrift W. Nernsi, 1912, 469. 

* Deville, Ann. Chim. Phys., 1856, [iii], 43, 27. 

* Wohler, Annalen, 1856, 97, 266; 1867, 102, 382. 

* Vigouroux, Ann. Chim. Pkys., 1897, [vii], 12, 65. 
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half an hour in an iron crucible to a bright red heat. In this way 

about 50 grams of silicon were obtained after treatment with acids : 

SK^SiFe + 4AI =- CKF + 4 AIF 3 + 8 Si. 

( 8 ) Deville and Caron ^ adopted a modification of Wohler’s method. 
They luated together 8 jjarts of potassium silicifluoride, 1 part of 
sodium, and 1 ])art of granulated zinc to a temperature just below the 
boiling-point of zinc. The silicon remained after treatment with 
acid, having crystallised from the molten zinc. 

(4) A further method of Vigouroux consists in heating powdered 
quartz with exce ss of aluminium in an electric furnace. Some of the 
aluminium reduces tlie silica, and the rcmiainder dissolves the silicon. 

(5) Silic*on is obtained crystallised from aluminium, whcai the 
vapour of silicon t(‘tracliloride is passed over the? molten metal. No 
combination takes ])laee between aluminium and silicon. ^ 

All the above methods for obtaining crystallised silicon depend on 
the crystallisation of this substance from molten aluminium or zinc. 
Further nudhods are as follow : 

( 0 ) Crystallised silicon is fornjed by fusing the amorphous variety, 
and allowing the mass to (;ool. I’he allotropic change from amorphous 
to crystalline silicon is accompanied by the evolution of heat ^ in 
accordance with the equation : 

Siainorpb. Sicry»t. + ^059 calorics. 

According to von Wartc ribcTg,^ liowcver, the heat involved is less than 
two thousand calories. 

(7) Crystalline silicon is also formed by sublimation, and was 
obtained by Moissan during the distillation of silica contained in a 
gra])hite crucible* heated in an electric furnace. 

It is formed in the same way when the vapour of silicon tetrachloride 
is j)asscd through a heated porcelain tube containing amorphous silicon. 
In this case the sublimation ap})ears to be due to the formation and 
decomposition of a lower chloride. 

( 8 ) Silicon is also obtained in small, hard crystals when the tetra- 
chloride in presence of hydrogen is decomposed by a carbon rod heated 
electrically to a high temperature.® 

(9) Crystallised silicon is pri^pared according to the method of 
Kuhne,® when a mixture of powdered quartz, aluminium turnings, and 
sulphur is heated. Water hydrolyses the resulting aluminium sulphide, 
and sets free the silicon. 

( 10 ) Finally, crystalline silicon is produced on a large scale when 
silica and carbon arc heated together in an electric furnace,^ the carbon 
being present in quantity insufiicient to fonn carborundum. 

When silicon crystallises from molten silver, some of it is in a form 
which differs from the rest in density (2*42) and in being soluble in 

* Deville and Caron, Ann. Ckim. Phys., 1861, [iii], 63, 26 ; 1863, 67, 435. 

* Kieser, Ckem. Zeit.y 11)08, 32, 1161. 

* ^’rooBt and Hautefouille, Ann. Chim. Phyit., 1876, [v], 9, 76. 

* Von Wartenborg, Festschrift IF, Nemsi, 19i2, p. 469. 

® Pring and Fielding, Trans. Chem. Soc., 1909, 95, 1601. 

* Kiihne, German Patent Mo. 147,871. 

» Schoid, British Patent No. 18,669 (1899). 
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hydrofluoric acid.^ It is regarded by the discoverers as a new allotropic 
form. 

Properties of Crystalline Silicon. — Crystalline silicon is light orange in 
colonrand transparent when the crystals are small, but generally aj>{)cars 
either in black, shining, and metallic-looking six-sided plates which 
resemble graphite, and are called graphitoidal silicon, or in long needles, 
known as adamantine silicon. Both kinds of crystals are composed of 
regular octahedra. Crystallised silicon has a hardness of 7 on Moh’s scale 
and scratches glass ; its density is 2*49.2 The specific* heat of crystalline 
silicon increases with temperatun*. At — 184 ^ C. it is only 0 * 0876,2 at 
■— 40 ° C. it is 0 * 136 , and at 22 ° C. 0 * 1697 . The* gradi(‘nt of rise becomes 
less at higluT temperature, and above 200° C. almost disappears, so that at 
about 282 ° C. the specific heat becomes constant ^ and equal to 0 * 203 , 
which gives a value for the atomic }K‘at 5*75. Crystalline silicon 
resembles graphite in its power to conduct (‘lc*etricity. The spectrum 
ol silicon contains a large numlxT of lini‘s, the* chief of which occur in 
the ultra-violet. 

The most intense lincis in the sp(*etrum of silicon are as follow ® : 

Arc: 250701 , 2516 * 20 , 2524 * 22 . 2528 * 60 , 2881 * 70 , 8905 * 70 . 

Spark: 2516 * 26 ,* 252800 ,* 2881 * 73 . 

The lines asterisked are also the most persistent^ i,e. the ultimate 
lines in the spark spectrum of silicon.^ 

In chemical properties crystalline differs from amorphous silicon 
in being less reactive ; otherwise it is capable of similar re'actions. 
With most of the metals excc'pt those of the alkalis silicid(*s arc formed ; 
zinc, aluminium, tin, lead, cadmium, gold, silver, and mercury dissolve 
silicon in (quantities which increase with temperature, so that they 
form crystallising media for this element. The solubility of silicon in 
zinc, lead, and silver has been studied by Moissan and Siemens.® 

ATOMIC WEIGHT OF SILICON 

Two distinct considerations generally have to be taken into 
account in determining the atomic weight of a solid clement: 
(i) a decision has to be made as to the order of rnfignitude of the 
atomic weight ; (ii) an exact estimation of the chemical (equivalent of 
the clement must be carried out by the employment of a suitable 
chemical reaction. 

In the earlier days of atomic-weight determination the values 
obtained were often erroneous, both from ignorance of the physical 
laws which have to be taken into account, and from inadeiquatc rni thods 
of chemical analysis. This applies particularly to the element silicon ; 
and in tracing the history of the determination of the atomic weight 
of this element the development of our knowl(*dgc of physical methods 

^ Moissan and Siemens, Oonvpt. rend., 1904, 138, 1299. 

Wohler, Annalen, 18.56, 97, 266. 

« Foroh and Nordmeyer, Ann. Physik., 1906, 20, 423. See this series, vol i, p. 90. 

• Weber, Pogg. Anmkn, 1874, 154, 553. 

® Poriezza, Gazzetta> 1912, 42, ii, 42; McLennan and Edwards Phil. Maq., 1916 
[vi], 30, 482. 

• Exner and Hasohek, Die 8pe1dren der EUmerUe bei normalem Druck (Leipziorand 

Wien, 1911). ^ 

’ PoUok and Leonard, Sci. Prqf. Poy. Dubl. Soc., 1907-8, ii, 217. 

• Moissan and Siemens, Oompt. rend,, 1904, 138, 657, 1299 ; Ber., 1904, 37, 2086. 
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that indicate the order of magnitude of its value will first be noticed, 
and then the chemical methods by which this value is determined with 
exactness. 

I. The Order of Magnitude of the Atomic Weight — Various, formulae 
have been applied at different times to silica and its derivatives. 

Thus Berzelius attempted to establish an analogy between potash 
alum and h^lspar, so that silica was written SiOg to agree with SO 3 , 
the formula then given to sulphuric acid. Dumas ^ in 1826 determined 
the vapour density of silicon chloride to be 5-94 (air ~ 1), which, when 
proj>erly interf)reted according to Avogadro’s theory, would give a 
molecuiar weight of 171*7. Tlu'nce it might have heen concluded that 
the chloride could not contain more than 4 atoms of chlorine. Never- 
theless, this conclusion was overlooked, and the formula SiClg was 
attributed to the chloride to agree with the formula SiOg for the oxide, 
to which the atomic weight Si ~ 44-4 correspoiuk cl. No fixed guiding 
principle had yet been establislied, however, and the formuhe SiO and 
SiClg, ^vith Si =14*8, were adopted by Gmelin in 1826. In 1837 Kiihn 
advocated the formula SiO 2 , which also found favour with miiuTalogists. 

At different times during the course of about thirty years the formulfe 
SiO, Si 203 , SiOg, SiOg were in vogue, with the corres 2 :)onding atomic 
weights of silicon of approximately 14, 21, 28, and 42 ; and this uncer- 
tainty existed not so much because adequate physical principles for 
atomic-weight determination had not been discovered as because these 
principles were misunden’stood and perve rted. 

Gradually, however, a mass of evidence accumulated in favour of 
the formula SiO 2 and an atomic weight of 28. 

H. Rose showed that the weight of silica which displacers CO 2 from 
alkali carbonates at high t(‘m]>erature corres}:)onds with the; formula 
SiOg, and Marignac ^ found that the isomorphism of fluosilicates with 
fluostannates supported the same formula, although the cwideiice of 
Dulong and Petit’s law was inconclusive on account of the variation 
of specific heat with allotrop}'. 

In 1859 Marignac® extended the evidence in favour of the formula 
SiO 2 by showing the isomorjihism of fluotitanates and fluozirconates 
with fluostannates and fluosilicates ; and with the advent of the periodic 
law silicon found a place in the fourth group with carbon, titanium, 
zirconium, and tin. Thus an atomic weight of a})proximately 28 
became definitely established for silicon. 

The physical evidence for the atomic weight of silicon may thus 
be summarised : 

(1) Avogadro^s Theory, — When the molecular proportion of any 
volatile silicon compound, as indicated by vapour-density determination, 
is analysed, 28 is the smallest proportion of silicon ever found within it. 

(2) Dulong and Petit's Laiv, — ^Thc atomic heat of silicon reaches the 
value 5*7 at 232° C. if the atomic weight is 28 ; and this is a normal 
value as compared with analogous elements.^ 

(3) The Law of Isomorphism, — In the complex fluorides of silicon, 
titanium, zirconium, and tin, 28 parts of silicon occupy the place of 
atomic proportions of the other elements. 

‘ Dumas, Ann, Chim, Phye., 1826, [ii], 33 , 368. 

* Marignac, CE wires Compliles, 1868, i, 679-689. 

* Marignac, Ann. de<s Mines, 1869^, [v], 15 , 221. 

* See this series, vol. i, p. 90. 
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(4) The Periodic Law, — The atomic-weight value 28 enables silicon 
to be placed in the fourth group between aluminium and phosphorus, 
following carbon, and followed by titanium, zirconium, tin, lead, etc. 
This position is particularly suitable for an element exhibiting the 
properties possessed by silicon. 

IL The Exact Value of the Atmnic Weight, — The first attempts to 
determine the atomic weight of silicon by chemical methods were 
made by Berzelius ^ and Stromeyer,^ and were very imf)(*rfect. 

The work of Pclouze ^ in 1845 marked an advance on former methods. 
This chemist decomposed silicon tetrachloride with water, and estimated 
the chlorine by titration with silver nitrate. From his results the 
value 28*87 for the atomic weight of silicon is deducible, using modern 
antecedent data.^ 

Dumas ® in 1859 adoj)ted a similar method which yielded the value 
28*08, whilst Schid ® two years later employed the same reaction, but 
weighed the silver chloride. His results k'ad to the figiirci 27*95. 

The above res(‘arches, howTver, arc now merely of historical value. 
In 1887 Thorpe and Young ’ hydrolysed carefully purified silicon tetra- 
bromide and weighed the silica obtained from it. They found the ratio 

SiBr4 : SiO^ = 100 17*847. 

whence Si = 28*875. 

Finally, in 1905, W. Becker and Julius Meyer ® treated very pure 
silicon tetrachloride in an analogous manner lo the above, and obtained 
gelatinous silica thcTcfrorn, which was ignited and weighed as Si 02 . 
They found the ratio 

SiCl4 : SiOg = 100 : 85*4145, 

whence Si ■= 28*225. 

So far as present knowledge goes there is nothing to choose between 
these two modern values. Hence the atomic weight of silicon is 
accepted by the International Atomic Weights Committee to be their 
mean, namely : 

Si - 28-3. 

It must be remembered, however, that th(‘ accumulated evidence for 
this figure is singularly slight, and that it cannot be regarded as certain 
even to the first decimal place. 

^ Berzelius, Gilbert's Annalen, 1810, 36 , 80; 1812, 40 , 265; Schweigger's t/.,1818, 
23 , 285 ; Pogg. Annalen, 1826, 8 , 20. 

2 Stroiiieyer, Gilbert's Annalen, 181 1, 37, 335 ,* 38 , 329. 

® Pelouze, Compt. rend., 1845, 20 , 1047. 

* In calculating these and succeeding data the following values for the fundamental 
atomic weights have been used : O — 16*000; Cl — 35*457 ; Br == 79*916; Ag 
107*880. 

^ Dumas, Atm, Chim. Phys., 1859, [iii], 55 , 129. 

® Schicl, Antmlen, 1861, 120 , 94. 

’ Thorpe and Young, Tratis. Chem. Soc,, 1887, 71 , 576. 

» Becker and Meyer, Zeitsch, amrg. Cftem., 1905, 43 , 251. 
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COMPOUNDS OF SIUCON 

HYDRIDES OF SILICON 

In no rospect docs silicon differ more widely from carbon than in the 
number and properties of its hydrides. 

To methane and ethane there correspond silico-methane or silicane, 
Sill 4 , and silico-etliane, SigH^ ; and besides these there probably exist 
silieo-ethylcne, SigH^,^ the hydrosilicon (SigHj)^ and so-called silico- 
acetylcne, (SigIL>)n, which, however, does not resemble acetylene, 

Silicane and silico-ethane bear little resemblance in properties to 
methane and ethane, and no close relationships appear to exist between 
their oxy-derivatives. A number of substitution products of these 
hydrides containing aliphatic or aromatic radicles have, however, been 
prepared ; and these throw light upon the potentialities of the silicon 
atom. The most important fact established in these researches is that 
the space-disposition of the valencies of silicon resembles that of carbon, 
so that optically active “ asymmetric ” silicon compounds exist.^ 

Silicon Tetrahydride {Silicomethane, Silicane)^ SiH 4 . — Silicon tetra- 
hydride was first obtained, in an impure state, by Buff and Wohler,^ 
in 1857, during the electrolysis of a solution of common salt by means 
of aluminium electrodes containing silicon, and also by the action of 
dilute hydrochloric acid on magnesium silicide, prepared by fusing 
together anhydrous magnesium chloride, sodium silicifluoridc, common 
salt, and sodium. The magnesium silicide was more simply prepared 
by Gattermann,^ by heating magnesium with sand. The gas obtained 
in this way, by the reaction 

MggSi + 4HC1 = 2MgCl2 + SiH4, 

is impure, being mixed with hydrogen and another product, probably 
another hydride of silicon, which renders it spontaneously inflammable. 
According to Adwentowski and Drozdowski,® however, pure silicane is 
spontaneously inflammable. The same spontaneously inflammable gas 
is sometimes observed when a porcelain crucible in which magnesium 
ribbon has been burnt is cleansed with acid, since the stain on the 
crucible is magnesium silicide. 

According to Moissan and Smiles ® the gas evolved by the action of 
hydrocliloric acid on the product formed by heating magnesium and 
silicon together in the proportion Mg : 2Si is hydrogen mixed with about 
5 per cent, of silicon hydrides. These may be separated from hydrogen 
by cooling them in liquid air, so that they solidify. If the solid hydrides 
are then allowed to liquefy and volatilise fractionally, silicane is obtained 
as a gas and silico-ethane remains behind as a liquid. 

Silicane can also be obtained mixed with silico-ethane, w’hen silicon 

^ Lebeau, Compt, rend., 1909, 148, 43 ; see also Besson, Compt. rend., 1912, 154, 
1603. 

® Kipping, Trans. Chem. Soc., 1907, 91, 209. 

® Buff and Wohler, Annale7i, 1857, 103, 218 ; 1868, 106, 66. 

* Gattermann, JSer., 1889, 22, 186. 

* Adwentowski and Drozdowski, BtiU. Acad. Set. Cracow, 1911, A, 330. 

* Moissan and Smiles, Compt. rend., 1902, 134, 669. 
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tetrafiuoride is passed over heated magncsiiini, and the solid product is 
decomposed by acid.^ 

Pure silicanc can be prepar<^ by the method of Fricdel and Laden- 
burg, ^ by heating ethyl orthosilicoformate with sodium, though the 
function of the sodium is unknown. 

Ethyl orthosilicoformate is prepared by tlie interaction of silico- 
chloroform and sodium (^thoxide thus : 

TlSiCIg + SNaOC^IIg -= IISi(OC 2 ll 5)3 + 8 NaCl, 

and yields siiicane togetlier with ( thiy orthosilicate, by a. reaction which 
recalls the behaviour of phosphorous and bypopliosphorous acids and 
their salts when lic'ated. thus : 

4Siir(0C2H3)3 === siii^ + 3Si(OC 

Properties of Silicmie, — Silieaiie, SiH 4 , is a colourless gas which 
when pure is not spontaneously inflammable, but catches fire in contact 
with a hcatc'd knife-blade or hot mercury. It is condensed to a liquid 
under the following conditions ^ : 

Temperature ° C. . . — 1 ° — 11 ® 

Pressure (atmospheres) .100 70 50 

its critical temperature being about 0 ® C. and its boiling-point ^ — 115° C. 
to — 116° C. under 730 mm. pressure. According to more recent 
work,^’ however, its critical temperature is — 3*5° C. and critical pres- 
sure 47*8 atmosphere's ; it solidifies at — 200° C. 

Siiicane is decomposed into its elements above 400° C., yielding twice 
its volume of hydrogen, and when it is y)ass(*d through a red-hot tube a 
mirror of finely divided amorphous silicon is deposited. Its thermo- 
chemistry is as follows ® : 

SiH 4 = Si + 211*2 ~ calories. 

Sill 4 = Si (vapour) -f- 2 H 2 44,000 calories. 

It is also decomposed by electric sparks, but in this case only a part 
of the hydrogen is set free, and tlie yellow solid hydride (Si *,11 3 ),, is 
formed, which burns wdicn heated in air or in chlorine.'^ 

Siiicane takes fire in chlorine gas, producing the tetrachloride SiCl 4 , 
and hydrogen chloride ; chlorides which easily part with chlorine, such 
as carbonyl chloride, COClg, antimony pcntachloride, SbClg, and tin tetra- 
cliloridc, SnCl 4 , react similarly with siiicane. Siiicane burns in oxygen 
or air, producing silica and water ; if cold porcelain is depressed upon 
the flame, amoq^hous silicon is deposited upon it. Acids do not decom- 
pose siiicane, but this gas reacts vigorously Nvith caustic potash solution 
producing potassium mctasilicatc and hydrogen, thus : 

Sill4 -f H 2 O -f 2KOH = KgSiOa + 

By this means siiicane may be estimated. 

^ Warren, Chem. News, 1888, 58 , 210. 

« Friedel and Ladenburg, Annakn, 1807, 143 , 120 

* Ogicr, Com%n. rend., 1879, 88 , 230. 

* Dufonr, Gmnpt. rend,, 1904, 138 , 1040. 

* Adwontowski and Drozdowski, Bull Acad>. Sci, Cracow, 1911, A, 330. 

* Von Wartenberg, Zeitsch, anorg, Chem^, 1912, 79 , 71 

^ Ogior, Compt, rend., 1879* 89 , 1068, 
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This reaction, as well as the ease with which silicanc is decomposed 
by heat, shows the contrast in properties between this substance and 
methane, from wdiich it is birther distiiif^uishcd by reacting with certain 
metallic salt solutions. Thus with copper sulphate solution silicane 
produces chiefly copper silicide, thus : 

2CUSO4 + Sill4 = CugSi + 2H2SO4, 

together with some metallic copper ; but with the more reducible silver 
nitrati' the product consists chiefly of metallic silver mixed with silicon : 

4 AgN 03 + Sill 4 -= Si + 4Ag + 4 IINO 3 . 

In these reactions silicane is comparable with the hydrides of sulphur 
and arsenic. 

Silico^ethane, SigHg. — Silico-ethane was discovered by Moissan and 
Smiles ^ among the products of the action of hydrochloric acid on mag- 
nesium silicide, formed by heating magnesium and silicon togetlier in the 
] 3 roportion 2 Mg : Si. The gas obtained consists of a mixture of hydrogen, 
silicanc, and silico-ethane. The two latter gases were separated from 
the hydrogen by solidification in tubes surrounded by liquid air ; the 
silicane w^as removed from the tubes by fractional vaporisation, leaving 
the silico-ethane behind, 

Silico-ethane may also be prepared from lithium silicide, ^ which 
has the corresponding composition, Si 2 Li 3 , by decomposing it with 
concentrated hydrochloric acid. 

Silico-ethane is a mobile, colourless liquid, h(‘avier than, and sparingly 
soluble in, water. It boils at 52® C.^ or, according to Lebcau,^ at — 7 ° C., 
and after solidification by means of liquid air, melts at -- 138® C. 
Its vapour may be heated to 100® C. without decomposition, at which 
temperature the density is found to be 2*37 (air = 1), whilst silico- 
ethane requires 2*41. It is decomposed into its elements at 240® C., 
and electric sparks decompose it, separating amorphous silicon. 

Silico-ethane takes fire spontaneously and even explosively in the 
air, burning to silica and water ; drying with sulphuric acid increases 
the vigour of the reaction ; it precipitates the metals from aqueous 
solutions of mercuric chloride, auric chloride, and silver nitrate ; potas- 
sium dichromate and permanganate solutions, as well as bromine water, 
oxidise it to silicic acid. Carbon tetrachloride and sulphur hexafluoride 
react explosively with silico-ethane, with formation of the halogen 
hydracids and separation of the solid elements. Silico-ethane reacts 
with caustic potash solution similarly to silicane ; in this way one 
molecule produces seven molecules of hydrogen : 

SigHe -f 2 H 2 O + 4KOII == 2K2Si03 + THg, 

and the volume of hydrogen evolved serves to estimate the substance. 

It appears from these reactions that silico-ethane resembles silicane 
in chemical properties, and differs entirely from ethane. There is no 
reason to suppose it differs from this hydrocarbon in constitution, 
but there are two reasons why it has different properties. For not only 
does it easily lose hydrogen, a property it shares with silicane, but 

‘ Moissan and Smiles, Compt rend», 1902, 134 , 569, 1649. 

* Moissan, Cempt, rend., 1902, 134 , 1083 ; 1903, 135 , 1284. 

• Lebeau, Compt. r^nd.^ 1909, 148 , 43 ; BuU. Soc. chim., 1909, [iv], 5 , 89. 
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the two silicon atoms permit of oxygen intervening between them in 
the process of oxidation. 

SilicO'^acetylene, (SigHg)/*, was prepared by Bradley^ by decomposing 
calcium silicide with hydrocliloric acid : 

CaSia + 2HCI - CaClg + SigHa- 

It is a yellow crystalline substance, showing no resemblance to acetylene, 
and is undoubtedly polymerised. 

The following table shows the boiling- and mc^lting-points of the 
three hydrides of silicon, together with those of the corrc‘sponding 
hydrocarbons. The difference in boiling-point between ethane and 
silico-ethane is particularly noteworthy. 



CH 4 . 

SilL. 

C^He. 


C,H,. 

(SigHdw. 

B.P, ° C. 

- 104 

- 116 

- 9.3 

-f- 52 

sublimation 

polid 





(?--7) 

temperature 

M.P. 

M.P. " C. 

- 184 

1 

i 

cir. — 200 

~ 123 

1 

- 138 

- 85 

unknown. 


SILICON AND THE HALOGENS 

Various silicon compounds exist in which tlu* hydrogen atoms of 
silicane appear successively replaced by halogen atoms, as in the series: 

SiHgX, SiHgXg, SillX^, SiX^. 

Of these compounds all the four tetrahalides arc known, as well as 
all the compounds of the type SiHXg ; only isolated examples of SiHgX., 
and SillgX, however, exist. 

The tetrahalides, 81 X 4 , arc the halides of orthosilicic acid, Si(OH) 4 , 
which all of them produce, together with halogen hydracid, when they 
arc hydrolysed by water. Silicon tetrafluoride, however, differs from 
the other halides in not suffering complete hydrolysis, but giving rise, 
instead, to the complex acid IlgSiF^. A noteworthy characteristic of 
silicon is its power to form mixed halides containing two kinds of 
halogen atoms, s(dected from chlorine, bromine, and iodine. A complete 
series of these compounds exists. 

Of halides containing more than one silicon atom there are known 
the chloride, bromide, and iodide of the type SigXg, also the chlorides 
and bromides SigXg and Si 4 X 10 , and the chlorides SigClig and SigCli 4 . 

Thus it appears that silicon possesses a greater power of forming 
halides than hydrides containing more than one silicon atom. 

The table on page 188 contains a list of all these compounds, with 
their boiling- and melting-points. 

The compounds will be considered in the order in which they 
are placed in the table. 

Bromosilicane^ SiHgBr, boiling at 30”--40° C., and Dibromosilicane, 

SiHgBrg, boiling at 75° C., arc liquids^ produced together with silico- 
bromoform when hydrogen bromide acts on silicon. They are the 
sole representatives of their class, and little is known about them. 

1 Bradley, Chemical News, 1900, 82, 149. 

• Besson and Fonmier, CompU rend., 1910, X51, 1066. 
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Name. 

i 

Formula. 

Boiling-point ® C. 

Melting- 
point ° C. 

Bromosilicjino 

1 

SiH,Br 

30°-40'^ 


Dibroinosilicane . 

SiH,Br2 

75" 

— 

Silicoliiioroform . • 

SiHFa 

- 80° 

~ 110° 

iSilicochloroforrri . 

SiHClg 

irr 

- 134° 

Silicobromoforin , , 

SiHBrg 

lor-ur 

below — 60° 

Silico iodoform 

SiHls 

100°/ 14 mm. 

+ 8° 

Silicon t(it.rafluoridc 

SiF* 

05" 

- 77° 

llydrofluoKilicic acid 

11 ^^iF 8 


— 

Silicon tetrachloride 

SiCl 4 

50-0° 

- 80" 

Silicon telrabromide 

SiBr4 

150-8° 

5° 

Silicon tetra- iodide 

Sil4 

120-5'’ 

290° 

J3roniotrichloro.silif^anc . 

Si01.,Br 

80" 

— 

Dibromodichlorosilicanc 

SiCigBra 

100° or 103" 105° 

— 

Tribromoch loroailicsanc 

SiClBr^ 

120°-128° or 140"-14r 

- 39° 

lod otrich lorosil ican e 

SK^hl ' 

113° 114" 

— 

IJi'iododichlorosilicane . 

SiClJ., 

172’ 

— 

Tri-iodochlorosilicanc . 

Sicii/ 

234°- 237° 

2° 

lodotribromosilicane 

SiBrJ 

102' 

14° 

Di- iododibromosilicane 

SiBrjIg 

230 ^231° 

38° 

Tri-iodobromosilicano . 

SiBrl:, 

255° 

53° 

Hoxaclilorosilicoetliaiio 

Si^CU 

140"-148° 

- 1° 

Hexabromosilicoethane . 

SioBr^ 

205° 

95° 

Hoxa-iodosilico-cthanc . 

SiX 

— 

250° 

Oc tac hloroai 1 icopropan e 

SigC-lg 

215°-218° 

- 07° 

Octabromosilicopropane 

SigBrg 

— 

133° 

Dccach lorosilicobu tan 0 

Si40ho 

149°--16r/15 mm. 

— 

Decabromosilicobiitanc 

Si 4 Brio 

— 

0 

00 

Dodocachlorosi licopentano 

SisCli.^ 

190715 mm. 

— 

Totradecachlorosilicoh exano , 

SieCIi^ 

— - 

170° 


Silicofluorofonn (T7'ifluorosilicane), SillFg. — The other three com- 
pounds of the type SiHXg are formed by the action of the lialogen 
hydracid on silicon ; silicolluoroform, however, has not been pr(?parcd 
in this way, but is derived from silicochloroform by the replacement 
of its chlorine by fluorine. This may be done by heating the latter 
substance to 220 ° C, with tin ietrafluoride or to 100 °~ 120 ° C. if titanium 
tetrafluoride is employed : 

4SiHCl3 + 3TiF4 = 4SiHF3 + 8TiCl4. 

The operation is carried out in a sealed copper flask or gun- barrel ; 
and silicolluoroform is formed as a colourless gas which on strong 
cooling condenses to a liquid boiling at — 80° C., from which a crystalline 
solid melting at — 110 ° C. can be obtained. The vapour density 
of silico-fluoroform (air == 1 ) has been found to be 8 * 02 , the theoretical 
value being 2*99.^ 

Gaseous silicolluoroform is not very stable, but decomposes, slowly 
at atmospheric temperature, quickly on heating to 420° C. in accordance 
with the reaction : 4 SiIiF 3 = 8 SiF 4 + ‘^^2 + Si. 

It burns with a bluish flame, producing amorphous silicic acid, and 
forms ati explosive mixture with air. Water and dilute alkalis decom- 
pose the gas thus : 

2 SiHF 3 + 4H2O = Si(OH )4 + HgSiFe + 2H2 ; 

i Ruff and Albert, Ber*, 1905, 38 , 63. 
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absolute alcohol produces, similarly, cthylorthosilicate : 

2 SiHF 3 + ^C^IT.OIT - Si(OC, 115)4 + H^SiF^ + 2 II 2 

{cf, reaction with silicochloroform), while ether yields the ester of the 
corresponding acid, ortliosilieoforniic acid : 

SiHFg + 3{C2H5)30 == SiH(OC,Il 5)3 + 3C2n5F. 

Silicochloroform {Trichlorosilicane), SillCl,. — Silicochloroform, so 
named l>ecfius(‘ of its analogy with chloroform, was obtained impure 
by Buff and Wohler^ in 1857 by heating silicon in a current of dry 
hydrogen chloride gas, and was examined later by Friedcl and Laden- 
burg.^ Gattermann^ showed that it could be obtained in the same way 
from th(' crude silicon fornu‘d by heating silica with magnesium ; it 
must, however, be freed from the tetrachloride formed at tlu' same time 
by fractional distillation, and then be condnise d in a freezing mixture. 
Ferrosilieon and copper silieide may be employ(xl in place of silicon itself. 

Silicochloroform is a colourless, mobile, strongly smelling licpiid 
which boils at 33"^ C. under 758 mm. ])ressure ^ and forms a crystalline 
solid which melts at — 134° C. The density of the liquid at 15° C. is 
1*3438, and its vapour density 4-64, which corrtjsponds with theory. It 
may be observed that chloroform, CHClg, boils at 61*5° C. It will 
be noticed in the course of what follows that, apart from polymerisation, 
silicon compounds arc generally more volatile than the corresponding 
carbon compounds. 

When silicochloroform is heated in an indifferent atmosphere it 
decomposes similarly to silicofiuoroform, thus : 

4SiHCl3 = 3SiCl4 + 2 II 2 + Si ; 

its vapour burns in the air with a green-mantled flame, like that of 
chloroform, producing clouds of silica, and forms with air a mixture 
which can be exploded by means of a hot glass rod. Unlike chloroform 
and carbon tetrachloride, but like silicon tetrachloride, silicochloroform 
fumes in moist air, and is decomposed by water, with evolution of heat, 
forming silicic and hydrochloric acids. If, however, the reaction takes 
place at 0 ° C. the hydrogen is retained, and silicoformic anhydride is pro- 
duced as a white, insoluble powder: 

llSiO 

2 SiIICl 3 + SHgO = >0 + 6IIC1. 

HSiO 

Alcohol reacts normally, producing ethyl orthosilicoformate : 

SiHCla + 3 C 2 H 5 OH = SiH(OC 2 H 5)3 + 3HC1, 

and not ethyl orthosilicate, as with silicolluoroform. 

Silicobromofonn (Trihromosilica'tie), SillBi-g, is formed similarly 
to silicochloroform by the action of hydrogen bromide on crude silicon 
prepared from silica and magnesium,® and is freed from th(i tetrabromide 
by fractional distillation. Silicobromofonn is a colourless liquid which 

^ Buff and Wohler, Aniiakfi, 18G7, 104 , 94. 

* Triedel and Ladenburg, Gompt. rcrid.^ 1867, 64 , 359. 

* Gaiter mann, Bcr., 1889, 22 , 190. 

* Ruff and Albert, Bcr., 1905, 38 , 53. 

‘ Buff and Wohler, Annahn^ 1857, X 04 , 99. 
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boils at C. (Gattermann or C. (Besson (CHBrg 

boils at 151"^ C.) ; it docs not solidify at — 60° C. 

Its va[>onr ignites spontaneously in the *air ; and the liquid reacts 
with water, forming, wlien ke})t cool, silieoformic anhydride'. Silico- 
bronioform appears to form additive com]>ounds with ammonia and 
]:)hosphine. 

Accordin|nr to von Malm ^ jyentabromosilicoethane, SigllBr^, is formed 
by the' interaction of silic'aiu; and bromine, and forms colourless needles 
wdiich melt at 89° C., the boilinejr-point of the liquid bein^ 230° C. 

Silico««iodofonn {Tri4odosilicane), Silll^. — Silico-iodoform was pre- 
pared by Buff and Wohlc'r ^ by the action of hydrogen iodide gas on 
heated silicon, and tlie method was improved upon by Friedel,® who 
mixed liyrlrogen with the hydrogen iodide. Ruff ® has found that 
wdien silicochloroform reacts wdlh ammonia at — 15° C. siliconitrogen 
hydride, SillN, is formed ; and when this is suspended in carbon 
disulphide and treated with hydrogen iodidc' at low temperature, silico- 
iodoform is produced according to the reaction : 

SillN -I IHI = SiHIs + NIIJ. 

The ammonium iodide is filtered off and the silico-iodoform freed 
from the solvent, carbon disuljdiide, and from silicon tetra-iodide 
by distillation. An (iven bettx'r result is obtained by employing aniliiui 
instead of ammonia. Silicon hydrotrianilide is formed, which reacts 
with hydrogen iodide thus : 

SiII(NIIC6n5)3 -h oill - SiHIg + 3C JI5NII2.HL 

Silico-iodoform is a colourless licpiid having a density of 3-286 at 
23° C.6 or 3-314 at 20° C. and 8-362 at 0° C.,^ which solidities at 
-f 8° C. and distils under reduced pressure as follows 

Pressure mm. Temperature ° C. 

14 106 

22 111 

67 132 

122 155 

At about 150° C. it begins to decompose, but on further heating some 
of it can be distilled, and condensed at about 220° C. under atmospheric 
pressure. Silico-iodoform vapour burns in the air, and the liquid is 
decomposed by water like' the chlorine compound, yielding silieoformic 
anhydride and hydiiodic acid. 

Silicon Tetrafluoride, SiF 4 . — Silicon tetrafiuoridc was discovered 
by Scheelc in 1771, obtained independently by Priestley, and examined 
by Gay Lussac and Th^nard (1808), and by J. Davy (1812), but more 

^ Gattorroann, Ber.y 1889, 22, 193. 

2 Besson, Compi. rend., 1891, II2, 530. 

Von Mahn, Jenaer Zeitsch., 1809, 5, 103. 

* Bull and Wohler, Anmlen, 1857, 104, 99. 

® Friedel, Compi. rend., 1868, 67, 98. 

« Ruif, Ber., 1908, 41, 3738. 

’ Davy, FhU. Trans., 1812, 362, 
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especially by Berzelius ^ (1823). It is usually prepared by the inter- 
action of hydrofluoric acid and silica : 

SiOa + 4I1F - SiF^ + 2 H 2 O, 

which is carried out by heating together sand, fluorspar, and excess of 
concentrated sulphuric acid in a flask : 

2CaF2 + 2H2S()4 + SiO^ = SiF^ + 2 CaS 04 + 2 H 2 O, 

the excess of acid being needed to prevent the decomposition of the 
silicon tetrafluoride by water. 

Silicon tetrafluoride, which is evolved as a gas, is tlien frequently 
passed into water, with which it undergoes a characteristic reaction, 
to which reference will be shortly made. 

Silicon tetrafluoride was pr(‘pared synthetically by IMoissaii ^ ; and, 
according to Vigouroux ^ amor])hous silicon reacts with fluorine witli 
incandescence, forming the tetrafluoride. The pure gas may be conve- 
niently prepared by heating dry barium silici fluoride,^ BaSiF^, 30-40 
grams of which yi(‘ld 2-3 litres of the gas, which may be collected over 
mercury. Silicon tetrafluoride maj^ be sei)arated from hydrogen 
fluoride, occurring with it as it is commonly prepared, by cooling 
the mixture to — 60° C., which condenses the latter gas, or by passing 
the mixed gases through sodium fluoride, which retains hydrogen 
fluoride. 

Pro2)eHies of Silicon Tetrafluoride , — Silicon tc;trafluorid(^ is a colour- 
less, pungent, fuming gas, which can be liquefied and solidified. The 
gas solidifies at •— 97° C. under atmospheric pressure, and the solid 
sublimes again without melting, but melts under 2 atmosplieres pressure 
at — 77° C., forming a transparent and very mobile Ikjuid, which boils 
at — 65° C. under 1810 mm. pressure. The critical temperature of 
silicon tetrafluoride is — 1*5° C. and the critical pressure 50 atmos- 
pheres.® The density of the gas was found by J. Davy ® to be 3*5735 
and by Dumas ’ 3-6, theory requiring 3*619. Jaquerod and Tourpaian ® 
found the weight of a normal litre to be 4*693 grams ; but when the 
gas was passed over glass wool at a red hc^at the weight was increased 
to 4*820 grams, which increase the authors attribute to the formation 
of a subfluoridc. The heat of formation of silicon tetrafluoride from 
crystallised silicon and gaseous fluorine is, according to Guntz,® 239,800 
calories. The gas is not decomposed by electric sparks or the silent 
electric discharge, but silicon is separated in the electric arc ; sodium 
and potassium burn in the gas, forming fluorides, and certain metallic 
oxides, e,^, lime, likewise react with silicon tetrafluoride, forming silica 
and the fluoride of the metal. 

The most characte ristic reaction of silicon tetrafluoride is that with 

^ Berzelius, Pogg, Annalen, 1824, i, 169. 

- Moissan, Ann. Chim. Phys,, 1887, [vi], 12, 472. 

® Vigouroux, Compt. rend,, 1895, 120, 367, 

* Truchot, Compt. rend., 1884, 98, 821. 

® Moissan, Coinpt. rend., J904, 139, 711. 

® I)avy, Phil, Trane,, 1812, 352. 

’ Dumas, Ann. Chim, Phys., 1820, [iij, 33, 367. 

® Jaquerod and Tourpaian, J. Chim.. phys., 1913, zi, 3. 

• GuntZ; Ann. Chim, Phya., 1884, [vi], 3, 59. 
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water, ^ by which j^olatinons silica and hydroflnosilicic acid (ITaSiF^) 

are formed. The first reaction is one of hydrolysis : 

SiF4 + .'111,0 = IlgSiOg + 411F : 

but til is hydrolysis is not perfect, for silicon tcti'afliioride combines 
with hydrogen fluoride to form h 3 ^drofluosilicic acid, HaSiFg, which 
can exist in aqueous solution : 

2SiF4 4lIF = 2H2SiFg j 
consequently the complete reaction is 

SSiF^ + 3II2O -- llaSiOg + SlloSiFe. 

Hence it will be undeislood that when silicon tetrafluoride is passed 
into a concentrated solution of hydrogen fluoride, hydroflnosilicic acid 
is formed without separutitiii of silicic acid. 

Hydrolytic decomposition of silicon t(‘traniioride can take place 
with steam at high temperature, and under these conditions anhy- 
drous crystalline silica may^ be gradually deposited. Probably this 
kind of reaction, which is called pnemnatolysis, has played some 
])art in the formation of silica niincu'als. 

Dry ammonia combines with silicon tetrafluoride, forming the 
crystalline compound SiF 4 . 2 NH 3 ,^ which is dtreornposed by water; 
phosphine forms the comj)ound 3SiF4.2PIT,3^ at— 22° C. under 50 at- 
mospheres pressure, but this compound is \ instable, dissociating into its 
constituents at ordinary temperature. Silicon tetrafluoride reacts with 
alcohol,^ forming ethyl orthosilicate and hydroflnosilicic acid ; it also 
combines with acetone ^ and with organic bas(‘s.^ 

Hydrofluosilicic Acid, HgSiF^. — The remarkable effect of passing 
silicon tetrafluoride gas into water was observed and commented upon 
by Priestley.’ In the reaction 

3SiF4 + SllgO - HaSiOg + 2H2SiFe, 

whicli has already been noticed, the silicic acid separates in the form of 
“ gelatinous silica,” having approximately the composition (H 2 Si 03 )n, 
whilst the hydrofluosilicic acid remains in solution. In consequence 
of this reaction the delivery tube through which silicon tetrafluoride 
is passing is not allowed to dip directl}'^ into w^ater, but ends beneath 
the surface of mercury through which the gas passes into water. By 
this means the blocking of the delivery tube by the gelatinous silica 
is avoided. When the reaction has proceeded long enough, the gela- 
tinous silica is filtered off and a dilute solution of hydrofluosilicic acid 
is obtained. A solution of the acid may also be produced by decom- 
posing its calcium salt with sulphuric acid, and by passing silicon 
tetrafluoride gas into concentrated hydrofluoric acid. A dilute solution 
may be concentrated by evaporation at low temperature. 

1 Berzelius, Fogg. AnnaleUt 1824, i, 169. 

2 Davy, Phil Trans., 1812, 352. 

® Besson, Conipi. rend., 1890, no, 80. 

Knop, J. prakt. Chem., 1858, 74 , 41 ; 1867, loi, 157. 

* Norton and Westeiihof, Amer. Chem. J., 1888, 10 , 209. 

« Comey and Jackson, Amer. Chem. J., 1888, 10 , 165 ; Comey and Smith, Amef. 
Chem. J., 1888, 10 , 294. 

Vide Thorpe’s Kssay on Priestley, Essays in HistoriccU Chemist (Macmillan and Co. ), 
1894, p. 48. 
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Solutions of hydrofluosilicic acid of different strengths have the 
following densiticjs at 17*5° C.^ (water at 17*5^ C. == 1*0) : 



Density. 


r)(‘nsitv. 


Density. 

0-5 

1 0040 

5*0 

1*0407 

i 20*0 

1*1748 

10 

1 0080 

10*0 

1*0834 

1 250 

1*2235 

1-5 

1*0120 

15*0 

1*1281 

30*0 

1*2742 

2-0 

1*0161 


i 




A concentrated solution of hydrofluosilicic acid is a fuming acid 
liquid, the molecular conductivities of the acid at different dilutions 
and 25^^ C. being, according to Ost^vald ^ : 


V 


V 


V 


2 

216 

32 

324 

512 

416 

4 

260 

64 

342 

1024 

496 

8 

281 

128 

358 

2048 

652 

16 

304 

256 

377 

4096 

847 


The increase in conductivity above v = 256 is due to the hydrolysis 
of hydrofluosilicic acid into silicic and hydrofluoric acids. 

A crystal lohydrate of the acid, H2SiFg.2ll20, which melts at 19® C., 
is deposited from a concentrated solution at low temperature, but the 
anhydrous acid has never been obtained, for its solution can be evapo- 
rated completely, leaving no residue. This is due to the vaporisation 
of hydrofluosilicic acid together wdth steam, the hydrofluosilicic acid 
being partly dissociated into hydrogen fluoride and silicon tetrafluoridc. 
The phenomena observable on the distillation of hydrofluosilicic acid 
solutions have been studied by Baur and Glacssner.® The vapour 
arising from a 13-8 per cent, solution of the acid has a composition 
corresponding to that required by the formula 2 liF.SiF 4 , and is partly 
dissociated, it being estimated from vapour-density determinations 
that at 100® C. hydrofluosilicic acid vapour is more than two-thirds 
dissociated. The distillate from an acid more concentrated than 13*3 
per cent, contains silicic acid, from which it is inferred that silicon 
tetrafluoridc leaves the solution more rapidly tlian hydrogen fluoride 
and then suffers hydrolysis in the distillate ; on account of its excess 
of hydrogen fluoride the remaining acid dissolves silicic acid when 
evaporated with it. The distillate from an acid weaker than 13*3 per cent, 
contains excess of hydrogen fluoride, and the residual acid deposits 
silicic acid on evaporation owing to the hydrolysis of remaining silicon 
tetrafluoridc. It may be added that a solution which will dissolve 
silicic acid will etch glass, but that a solution containing only hydro- 
fluosilicic acid does not etch glass. 

Salts of Hydrofluosilicic Acid, Fluosilicaies, Silicifluorides, — The 
salts of this acid are obtained by dissolving metallic oxides or carbonates 

^ Stolba, J, praH. Chem*, 1863, 90 , 193. 

2 Ostwald, «/. prakt. Chern., 1885^ [ii], 32 , 300. 

^ Baur, Ber., 1903, 36 , 4209 ; Baur and Glaessner, Ber., 1903, 36 , 4215. 
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in the aqueous acid, by causing silicon tetrafluoride to act on metallic 
fluorides in the solid state or in strong solution, by dissolving silicic 
acid with a metallic fluorid(‘ in aqueous hydrofluoric acid, or by precii:>i- 
tation. Tiu^ salts are crystalline, and are soluble in water except those 
of the alkali metals and barium. The insolubility of barium silici- 
fluoridc — 1 part dissolves in »3802 parts of cold water ^ — is sometimes 
employed as a means of separating this metal in analysis. 

Silicifluoridcs lose silicon tetrafluoride when heated strongly, leaving 
a residue of fluoride ; concentrated sulphuric acid liberates hydrotluo- 
silieic acid, which is evolved, and dissociates on heating. 

Alkali hydroxide and carbonate solutions decompose a silicifluoride, 
forming fluoride and silicate. Consequently when a solution of hydro- 
fluosilicic acid is titrated with caustic soda solution in presence of 
litmus, two transition points are observed corresponding to the neutrali- 
sation of the original acid and the decomposition of the resulting silici- 
fluoride, thus : 

(1) HgSiFc + 2NaOH = Na^SiFe + 2 H 2 O 

(2) NagSiFe + 4NaOH = 6NaF + Si(OH) 4 . 

Litmus shows the permanent excess of alkali after the completion of 
the second reaction, since Si(OH )4 does not behave as an acid towards 
this indicator. 

If excess of ammonia is added to a solution of hydrofluosilicic acid, 
gelatinous silica gradually separates owing to a similar decomposition. 

The silicifluoridcs are isomorphous with the corresponding titani- 
and stanni-fluorides.2 The following are thcrmoehemical data relating 
to the potassium salt ^ : 

HgSiF^d solution) + 2KOH(5 solution) = 

KgSiFg (solid) + 2 H 2 O + 44,000 calories ; 

SiF 4 (gas) +2KFaq. = KgSiFg (solid) + 22,800 calorics; 

3SiF4 (gas) + 4KOHaq. == 

2K2SiI'"6 (solid) + Si(OH )4 (solid) -f 82,940 calories. 

Silicon Subfluoride. — According to Deville ^ and Troost and Haute- 
feuille ® a lower fluoride of silicon is formed when gaseous silicon tetra- 
fluoridc is passed over silicon heated to the softening-point of glass 
and then suddenly cooled. A white, volatile powder is thus deposited, 
which contains less fluorine than silicon tetrafluoride and reduces 
permanganate solution ; it is supposed to be a derivative of ter- or 
bi- valent silicon.® 

Silicon Tetrachloride (Tetrachlorosilicane), SiCl 4 . — Silicon tetra- 
chloride was first obtained by Berzelius ’ in 1823, and is formed by the 
union of its elements when dry chlorine is passed over heated amorphous 
or crystalline silicon. Instead of pure silicon the crude product obtained 
by Gattermann’s method may be employed, being heated to 300®*-310°C.,® 
or magnesium silicide may be gently heated in a combustion tube, 

1 Fresenius, Anrudm, 1846, 59 , 120. 

^ Thus similar nomenclature is justified, see note, p. 176. 

® Truohot, CompL rend., 1884, 98 , 1330. 

* Deville, Ann. Chim. Phye., 1867, [iii], 49 , 76. 

® Troost and HautefeuiUe, Ann. Chim. Fhys., 1871, [v], 7 , 464. 

® 8 ee also Jaquerod and Tourpaian, J. Chim, phys., 1913, ii, 3. 

’ Berzelias, Pogg. Annalen, 1^4, x, 219. 

* Gattermann and Weinlig, Ber., 1894, 27 , 1943. 
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through which chlorine is passed, and the silicon tetrachloride condensed 
in a i-eceivcr surrounded by iec?. The silicon tetrachloride thus prepared 
will contain some SigClg and a little SigClg, from which it is freed by 
fractional distillation. It may also be obtained by passing chlorine 
over ferrosilicon, containing 15 per cent, of silicon, which is heated 
to redness in a fire-clay retort, and also similarly from ciiprosilicon. 

Lastly, silicon tetrachloride may be made by passing chlorine over 
a heated mixture of silica and carbon: 

SiOg + 2C + 2 CI 2 = SiCl4 + 2CO. 

This reaction is typical of a general method for preparing non-mctallic 
chlorides, and differs (essentially from that to be employed for nudallic 
chlorides, viz. the action of hydrochloric acid upon their oxides or 
hydroxides. Consider, for example, the two reactions : 

Ca(OII )2 + 2HC1 ^ CaClg + 2 II 2 O 

Si(OH)4 +4HC1^ SiCl4 + 4 II 2 O. 

The difference between the metal and the non-metal is signalised by 
the direction of the reaction. This difference, however, is seldom 
absolute, and with elements of intermediate character it disappears. 
In the case of stannic tin, for example, the reaction is reversible : 

Sn(On)4 + 4IIC1 SnCl4 + 4 H 2 O ; 

and stannic chloride can be prepared cither by dissolving stannic 
hydroxide in hydrochloric acid, or by passing chlorine over heated tin 
or a mixture of stannic oxide and carbon. 

Properties of Silicon Tetrachloride, — Silicon tetracliloridc is a heavy, 
colourless, fuming liquid. There is some discrepancy between different 
observations of its boiling-point, probably owing to the difficulty of 
obtaining the compound free from higher chlorides. The results lie 
between 59° C. and 56-9° C. at 760 mm. pressure. The latter temperature, 
observed by J. Meyer and Becker,^ is probably most nearly correct. This 
compound solidifies at 89° C. 

Numerous observations have been made upon the density, the 
mean of four closely agreeing results ^ being 1-524. Dumas ^ found the 
vapour density to be 5-9390 ; Regnault ^ found it to be 5-86, the calcu- 
lated value being 5-8833. The critical temperature is 230° C,® and 
the heat of formation 157,640 calorics^® The vapour is not found to 
dissociate at the softening-point of porcelain. 

Like acid chlorides in general, but unlike carbon tetrachloride, 
silicon tetrachloride suffers hydrolytic decomposition by water, forming 
hydrochloric acid, and the acid corresponding to the chloride, in this 
case silicic acid ; consequently, when silicon tetrachloride reacts with 
water gelatinous silica separates. The heat of this reaction has been 
measured by Bcrthelot ’ and Thomsen,® who found it to be 69,000 and 
69,300 calories per gram-molecule respectively. When steam reacts 

* J. Meyer and Becker, Zeitech, anorg. Chem.f 1905, 43 , 261 

2 Thorpe, Tram. Chem. Soc,, 1880, 37 , 327. 

* Dumas, Ann. Chim, Fhy€., 1859, [iii], SS, 183. 

* Regnault, Compt rend., 1853, 36 , 687. 

® Mendeldeff, Annakn, 1861, 119 , 11. 

* Troost and Hautefeuille, Ann. Chim. Phya., 1876, [v], 9 , 70. 

’ Berthelot, Ann. Chim. Phya., 1878, [v], 15 , 213. 

^ Thomsen, Ber,, 1873, 6, 71 L 
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with silicon tetracJiloridc vapour at a red heat crystallised silica is 
formed, and if nu* tallic oxides are present crystallised artilicial silicates 
may be }>re])ared. Silicon tetrachloride reacts with dry air at a white 
heat to form oxychloride ; it may be distilled from sodium or potassium, 
since it does not react with these metals below 200" C., though at a 
red heat it yiedds its chlorine to them, amorphous silicon being separated ; 
zinc and silver, and to a less extent copper and iron, react similarly, 
but in no case is a lower chloride of silicon formed. 

Hydrogen sulphide at a red heat forms silicon trichlorohydro- 
sulphide, SiClgSIT, and hydrogen bromide and iodide effe ct a change 
of halogen with the formation of mixed silicon halides ((/-v.). Phos- 
phoric oxide forms phosphoryl chloride and silica ; sulphur trioxide 
forms pyrosulpliuryl chloride, SgOgClg, and concentrated sulphuric 
acid produces silicic acid with evolution of hydrogen chloride. Silicon 
tetrachloride also reacts with many metallic oxides, forming silica and 
metallic chlorides or oxychlorides^; with nitrous acid it forms nitrosyl 
cliloride, and it reacts similarly with fatty acids, forming their chlorides, 
while with alcohol it forms ethyl silicate.^ 

Silicon tetrachloride is the starting-point for the preparation of 
organic derivatives of silicon, which are now known in large numbers. 
The chlorine atoms may be exchanged for organic radicles through the 
agency of (i) zinc alkyls, (ii) sodium and alkyl bromides or iodides ® 
(Fittig’s reaction), or (iii) by Kipping’s application of the more recently 
discovered and valuable Grigruird’s reagent, in which magnesium 
reacts with an alkvl or aryl bromide in ethereal solution, producing 

magnesium alkyl or aryl bromide, Mg<^ , which can then exchange 

its organic radicle for a chlorine atom of silicon tetrachloride,^ thus : 


Mg^ 


/ + SiCl4 = Mg/ + SiClsX. 

\C1 


Br 


/ 


Br 


Besides these substitution products, silicon tetrachloride also forms 
some addition compounds. It forms with ammonia a white, infusible 
mass having the composition SiCl 4 .GNH 3 ; and absorbs phosphine at 
low temperature, forming substances of indefinite composition. Thus 
at — 20° C. silicon tetrachloride absorbs twenty times, and at — 50° C. 
forty times, its volume of hydrogen phosphide. By strong compression 
at low temperature silicon tetrachloride and hydrogen phosphide can 
be made to form an unstable crystalline compound whose composition 
is unknown. Silicon tetrachloride also forms additive compounds with 
organic bases.® 

Silicon Tetrabromide {Tetrabromosilicane), SiBr 4 . — Silicon tetra- 
bromide, first obtained by Seriillas,'^ is prepared similarly to silicon 

^ Rauter, Annakrit 1892, 270 , 244. 

^ Friodel and Crafts, Ann. Ghim. Phi/s., 1863, [iv], 9 , 12. 

® Kipping, Tram. Ghem. Soc., 1901, 79 , 450. 

* Kipping, Proc GJiem, Soc., 1904, 20 , 15 ; Tram. Ghem. 80 c., 1907, 91 , 210. Dilthey, 
Ber., 1904, 37, USP 

® Besson, Gompt. rend 1890, no, 240. 

• Harden, Trans. Cnem. 80 c., 1886, 51 , 40. Reynolds, Tram. Ghem. Soc., 1888, 55 , 
474. 

’ SeruUas, Ann. Chim. Phys., 1831, [ii], 48 , 87. 
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tetrachloride ^ by passing bromine vapour over an intimate mixture oi' 
silica and carbon or the crude silicon of Gattermann ^ ; hydrogen 
bromide may be substituted for bromine, when silicobrornoform accom- 
panies the tetrabromide. An alternative method consists in causing 
silicon tetrachloride to react with carbon tetrabromide,^ when exchange 
of halogen takes place. 

Properties of Silicon Tetrabromide, — Silicon tetrabromide is a heavy, 
colourless liquid which evolves dense white fumes in moist air ; its 
density at 0° C. is 2*8128 (Pierre) or 2-82 (Reynolds) ; its boiling-point 
has been found by different observcTs to lie betwee n 148® C. and 154® C. 
The most recent, and probably the most accurate, determination is 
that of Blix,^ who found 150*8® C. at 751*4 mm. pressure. Solid silicon 
tetrabromide is a pearly crystalline mass which according to Blix melts 
at 5° C., but according to other observers between — 12® C. and — 15° C. 
The solid is heavier than the liquid. 

The heats of formation are as follow ^ . 

Si (cryst.) + 4Br (liq.) == SiBr 4 (liq.) -f 71,000 calories. 

Si (cryst.) + 4Br (vap.) — SiBr 4 (vap.) -f 85,800 

Water reacts vigorously with silicon tetrabromide, hydrolysing it with 
the formation of silicic and hydrobromic acids ; litharge produces some 
lead bromide and lead silicate ; ammonia forms the white, amorphous, 
additive compound SiBr4.7Nn3, which is decomposed by water ; 
phosphine,® organic bases,’ and thio- and alkylated ureas also form 
additive compounds with silicon tetrabromide.® 

Silicon Tetra^odide {Tetra4odosilicane\ Sil 4 . — Silicon tetra-iodide 
is obtained by the direct combination of its elements, by leading a 
stream of iodine vapour, by means of carbon dioxide, over red-hot 
silicon,® which may be either pure or in the crude form (Gattermann ^®). 
It has also been prepared by passing iodine vapour heated to 180® C. 
over silicon Jicated in a vacuum to 500® The vapour of silicon tetra- 
iodide condenses to the solid state when cooled to atmospheric tempera- 
ture, and the compound may be crystallised from carbon disulphide, in 
1 part of which 2 parts dissolve at 27® C. Silicon tetra-iodide crystallises 
in regular octahedra, isomorphous with carbon tetra-iodide ; it melts 
at 120*5® C. and boils at 290® C., and its vapour density has been 
estimated to be 19*12, whilst theory requires 18*56. It burns in the 
air with a red flame evolving iodine vapour, and is hydrolysed normally 
by water, whilst with alcohol its reaction is unusual, since it gives no 
ethyl silicate, but silicic acid, ethyl iodide, and hydriodic acid. 

^ Reynolds, Trans. Chem. Soc.y 1887, 51, 690. 

3 Gattermann, Bcr.y 1889, 22, 189. 

* Giistavson, Ann, Chim. Phys., 1874, [v], 2, 200. 

* Blix, Rer., 1903, 36, 4218. 

® Berthelot, Ann. Chim. Phys., 1878, [v], 15, 213. 

® Besson, Gompt. rend., 1890, no, 240. 

’ Reynolds, Trans. Chem. 80 c., 1909, 95, 612. 

® Reynolds, Trans. Chem. 80 c., 1887, 51, 212, 

Friedel, Compt. rend., 1868, 67, 98. Friedel and ladenburg, Her., 1880, 13, 926. 
Gattermann, Ber., 1889, 22, 190. 

Guiebard, Compt. rend.. 1907, 14$, 807 
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Mixed Halides of Silicon. — The existence of a complete series of 
mixed halides, each containing two different kinds of halogen atom 
(excepting fluorine), constitutes a peculiar characteristic of the element 
silicon. These compounds fall naturally into three categories : those 
containing ( 1 ) chlorine and bromine, ( 2 ) chlorine and iodine, ( 8 ) bromine 
and iodine. 

( 1 ) Silicon Chlorobromides or Bromochlorosilicanes* — The three 
compounds in this category, SiCljBr, SiClgBrg, SiClBrg, are formed 
together when hydrogen bromide gas reacts with silicon tiitrachloride 
or silicochloroform at a red heat, or when a mixture of silicon tetra- 
chloride, hydrogen, and bromine is submitted to the influence of the 
silent electric discharge. When the mixed product is cooled to 60"^ C. 
silicon chlorotribromide, SiClBrg, appears as a solid, and the other 
two compounds arc separated by fractional distillation of the liquid 
portion.^ 

Silicon trichlorobromidc, SiClgBr, also results from the action of 
bromine on silicochloroform at 100 ® C., and on silicon trichiorohydro- 
sulphide, SiClgSH, at atmospheric temperature.^ Two molecules of 
the dichlorodibromide, SiClgBrg, arc changed into (SiClgBr + SiClBr^) 
by the silent electric discharge in presence of hydrogen (Bc'sson and 
Fournier). 

Silicon Trichlorobromide^ SiClgBr, is a colourless, fuming liquid 
which boils at 80® C. and forms with ammonia the solid compound 
2 SiClgBr.llNIl 3 . 

Silicon Dichlorodibromide y SiClgBrg, is also a colourless, fuming 
liquid which boils at 100 ® C. (Fricdcl) or 103®~105® C. (Besson). It 
forms \sith ammonia the solid compound SiClgBr 2 . 5 NIT 3 . 

Silicon Chlorotribromide^ SiClBrg, resembles the otlier two com- 
pounds, but boils at 126®~128® C. (Besson) or 140°-141® C. (Reynolds ^) 
and solidifies at — 39° C. The density of the liquid is 2-432 and its 
vapour density 10-43 (theory = 10-47). Its compound with ammonia 
is SiClBr 3 . 1 lNH 3 . 

These mixed halides arc decomposed by water similarly to the 
simple halides. 

( 2 ) Silicon Chloro*«iodides or lodochlorosilicanes* — The chloro- 
iodidcs of silicon^ are prepared by the interaction of silicon tetrachloride 
and hydrogen iodide in a red-hot tube, or by the action of iodine rnono- 
chloridc on red-hot silicon. Silicon trichloro-iodide, SiClgl, also results 
from heating iodine with silicochloroform in a sealed tube to 200®~250° C. 
These compounds, which are separated by fractional distillation, 
resemble the chlorobromides and arc similarly decomposed by water ; 
they become coloured on exposure to air owing to the liberation of 
iodine. 

Silicon Trichloro-iodide, SiClgl, boils at 118°~114® C. and forms with 
ammonia 2 SiCl 3 l.llNH 3 . 

Silicon Dichlorodi-iodide, SiClgla, boils at 172° C. and forms 
SiClglg-aNHa. 

Silicon Chlorotri-iodide, SiClIg, melts at 2 ° C. and boils at 284®-237° C. ; 
the composition of its ammonia compound is unknown. 

^ Besson, CompU rend., 1891, 112, 788; Besson and Fournier, CompL rend., 1911, 152, 603. 

® Friedel, Annalen, 1867, 143, 118 ; 1868, 145, 185, 

® Keynolds, Trans. Chem. Soc., 1887, 51, 690. 

^ Wesson, Compi. rend,, 1891, 1x2^ 611, 13H' 
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(8) Silicon Bromo**iodide8 or lodobromosilicanes. — These com- 
pounds resemble the chloro-iodides in manner of preparation and 
properties.^ Thus they result from the interaction of silicon tetrabromide 
and hydrogen iodide at high temperature, and from the action of iodine 
monobromide on silicon ; whilst silicon tribromo-iodidc can be obtained 
from iodine and silicobromoform. They arc decomposed by water, 
and oxidised by air with liberation of iodine, whilst with ammonia 
they form unstable compounds of unknow'n composition. 

Silicon Tribromo-iodide, SiBr^I, is a liquid which may be under- 
cooled to — 20 C. without solidifying, though its normal melting- 
point is + 14° C. (Besson), and its boiling-point 192® C. 

Silicon Dibromodi-iodide, SiBr 2 l 2 » melts at 38° C. and boils at 
230°-231° C. 

Silicon Bromotri’-iodide, SiBrl^, melts at 53° C. and boils at 255° C. 

Halogen Derivatives of Silico«*ethane^ SigHg. — Hcxachlorosilico^ 
ethane, SigClg. — This compound is formed by the action of chlorine upon 
the corresponding iodide, Siglg, or by gently licating this compound with 
mercuric chloride ^ ; much heat is evolved and hexachlorosilico-ethane, 
SigClg, distils. Troost and Hautefeuillc ® obtained this compound by 
the union of silicon and its tetrachloride, by passing the vapour of 
the latter over white-hot silicon ; and Gattermann and Weinlig ^ 
found that it was formed, together with silicon tetrachloride, when 
chlorine acted on crude silicon, and separated the two compounds 
by fractional distillation. 

Hexachlorosilico-ethane is a colourless, fuming liquid which solidifies 
at — 1° C. and boils at 146°-148° C. Its density at 0° C. is 1-58, and 
its vapour density at 239° C. is 9*7 (theory requires 9'92). 

Above 350° C. the vapour of hexachlorosilico-ethane begins to 
dissociate into silicon tetrachloride and silicon, and this dissociation 
continues up to 1000° C., above which temperature the vapour becomes 
stable again. Consequently, when silicon tetrachloride vapour is passed 
over silicon heated above 1000° C. in a porcelain tube hexachlorosilico- 
ethane is formed, and is decomposed again in a cooler part of the tube; 
by this means silicon is transported along the t\ibc from the hotter 
to the cooler part (Troost and Hautefeuillc), Hexachlorosilico-ethane 
reacts with water to form silico-oxalic and hydrochloric acids, thus : 

SiCla SiOOH 

I + 411^0 == I + 6HC1. 

SiCla SiOOH 

Solutions of ammonia and potash produce silicic acid or a silicate with 
evolution of hydrogen, since silico-oxalic acid is decomposed by alkalis : 

SigClg + 6 H 2 O == 2H2Si03 -f- 6HC1 + Hg. 

With gaseous ammonia there is formed the solid compound SigClg.lONHs, 
which begins to lose ammonia at 100° C. and is slowly decomposed by 
water. 

Phosphine does not unite with hexachlorosilico-ethanc, but is 
reduced by it, even at — 10° C., to the solid hydrogen phosphide. 

^ Friedel, jBer., 1869, 2 , 60. 

* Friodel, Com^» rend,, 1871, 73 , 1011. 

* Troost and Hautcfeuille, Ann, Chim. Phy,s.. 1876, [v], 7 , 461. 

^ Gattermann and Woinlig, Ber-, 1894, 27 , 1943. 
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Hcxahromosilico-ethane, SigBr^,. — This compound ^ is formed by the 
action of bromine on a carbon disulphide solution of the corresponding 
iodide, the liberated iodine being removed by shaking with mercury. 
It is also among th(‘ products of the action of the silent electric discharge 
on silicobromoform, SillBrg.^ It forms tabular crystals, which melt at 
95 ® C. and boil at 2G5® (\ Hcxabromosilico-ethane resembles the corre- 
sponding chlorine compound in its behaviour towards water and alkalis, 
Ifexa-iodosilico-ethane, Sijjig. — The manner of preparation of hexa- 
iodosilico-cthane is of interest because this compound is the source of 
hexachlorosiheo-ethane and hexabroinosilico-ethane, and in its forma- 
tion the linkage of silicon atoms takes place. The process is one of 
condensation, to which numerous analogies are furnished in organic 
chemistry. Thus Friede l and Ladenburg ® obtained hexa-iodosilico- 
cthane by heating the tetra-iodide with lineiy divided silver at 290®~ 
300® C. for some hours : 

Sila 

\t Sil3 

i + 2 Ag = I + 2 AgL 
/I Sil3 

S 1 I 3 

Unchanged tetra-iodide was then removed from the product by washing 
it with carbon disulphide, in which the tetra-iodide is much more soluble 
than hcxa-iodosilico-cthane, and the latter was then crystallised from 
hot carbon disulphide. Hexa-iodosilico-cthanc forms colourless, hexa- 
gonal, doubly refractive plates, which melt in vactio at 250® C. with 
parti^ decomposition, silicon tetra-iodide and a lower iodide, supposed 
to be silicon di-iodide, Silg, being produced. Ilexa-iodosilico-ethane 
fumes in the air, and resembles the corresponding chlorine and bromine 
compounds in its behaviour towards water and alkalis. 

Halogen Derivatives of Silicopropane, SigXg. — Octachlorosilico- 
propane, SigClg, is among the products of the action of chlorine 
on crude silicon, of which it forms about 0*5 to 1 per cent. ; it is 
separated from the tetrachloride and hexachlorosilico-ethane formed 
with it by fractional distillation.^ Its formation, moreover, appears 
to depend on the presence of magnesium silicide in the crude silicon.^ 
Octachlorosilicopropane is a colourless liquid boiling at 215®~218® C. ® ; 
after solidification it melts at — 67® C. ; it is decomposed by cold water, 
forming mesosilico-oxalic acid thus : 

SiClg SiOOH 

SiClg + 6 HjO = Si(OH )3 + 8HC1. 

SiClg SiOOH 

Octabromosilicopropane, SigBrg, is formed among other products ^ 
of the action of the silent electric discharge on silicobromoform, SiHBrg. 
It is a solid melting at 138® C. 

' Friodel and Ladenburg, Ammlen, 1880, 203, 253. 

2 Lesson and Fournier, Compt, rend., 1910, 15 1, 1055. 

® Friedel and .Ladenburg, Annalen, 1880, 203, 247. 

* Qattormann and WeMig, Ber., 1894, 27, 1943. 

s Gattorraann and Ellory, Bcr., 1899, 32, 1114. 

« Besson and Fournier, Compt, rend., 1909, 148, 839. 

’ Besson and Fournier, CompU rend., 1910, 151, 1055. 
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Halogen Derivatives of Silicobutane, 814 X^ 0 . — The chlorine and 
bromine derivatives arc known. 

Decachlorosilicohutane^ Si 4 Clio,^ is among the products of the action 
of the electric discharge on a mixture of hydrogen and silicon tetra- 
chloride. It is a liquid boiling at 149° -151° C. under 15 mm. pressure. 

Decabromosilicobutane^ Si4liriQ,2 is formed, together with its homo- 
logiies, when the silent electric discharge acts on silicobromoform. 
It is a crystalline solid, melting with d(‘Composition at 185° C. 

Halogen Derivatives of SiUcopentane and Silicohexane. — The 
chlorinated derivatives SigClja and Si<jCl 3 4 have been isolated by Besson 
and Fournier ® from among the products of the action of the silent 
electric discharge on a mixture of hydrogen and silicon tetrachloride. 
SigClja is an extremely vis(?ous liquid boiling at 190° C./15 mm. SieCli 4 
is a white solid which melts with decomposition at 170° C. and sublimes 
in a vacuum at 200 ° C. 

The conditions of formation of the higher chlorides of silicon have 
recently been investigated by Martin,^ who has }n’epared hcxachloro- 
silico-ethane and octachlowsilicopropanc in quantity, as well as smaller 
amounts of the higher chlorides, together with silicon tetrachloride, by 
the action of chlorine on 50 per cent, ferro-silicon at temperatures not 
exceeding 310° C. Martin affirms that the higher chlorides are first 
formed by the chlorination of chains of silicon atoms, which probably 
exist in ferrosilicon as well as in the free solid clement, and that these 
chains, by further chlorination, yield simpler products, and finally 
silicon tetrachloride, according to the scheme : 


— Si~ 

1 

Cl— Si— Cl 

SiCl.j 

SiCl« 

1 

SiCl, 
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— Si— 
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Cl— Si— Cl 

Cl— Si— Cl 

SiCJg 

SiCl, 

—Si- 

1 

CJ—Si—Cl 

1 

SiCl, 

1 

SiCl« 

SiCl, 


The alternative view, of Gattermaim and Weinlig,® that silicon 
tetrachloride is first formed and then combines with silicon to form 
higher chlorides, is controverted on the ground that the production of 
hexachlorosilico-ethane from silicon tetracliloridc and silicon is an 
endothermic reaction unlikely to take place at so low a temperature 
as 800° C., that the yield of hexachlorosilico-ethane reaches its maxi- 
mum at a still lower temperature, viz. 180°-200° C., and that when 
silicon tetrachloride is distilled over silicon or ferro-silicon between 
200 ° C. and 840° C. the formation of hexachlorosilico-ethane is not 

* Besson and Fournier, C<mpU rend., 1900, 148 , 839; 149 , 34 

* Besson and Fournier, Compt. rend., 1910, 151 , 1055. 

Besson and Fournier, loc. cit, 

* Martin, Trans. Chem. 80 c., 1914, 105 , 2836. 

^ eSattermann and Wcinlig, Ber , 1894, 27 , 1943. 
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observed, but that, on the other hand, hexachlorosilico-ethane unites with 
chlorine at 300° C.. producing silicon tetrachloride. From hcxachloro- 
silico-ethane Martin ^ has prepared the following ethoxy-derivatives : 


Substance. 

Boiling-point 
under .‘M mm. 

Density, 

Refractive Index 

D line. 

Si^Cl* 

60-5° C. 

1-5624 at 15° C. 

1-4748 at 18° C. 

Si.ClsOEt 

84° C. 

1-388 20° C. 

1-45C8 „ 14-5° C. 

Si.“Cl,(OEt)2 . 

104° C. 

1-270 „ 20° C. 

1-4432 „ 14-5° C. 

Si,Cl3(OEt)8 . 
Si,C4(OEt), . 

122° C. 

1-163 „ 20° C. 

1-4338 „ 14-5° C. 

Si3Cl(OEt)3 

138° C. 

1-092 „ 17° C. 

1-4205 „ 14-5° C. 

Si2(OEt)8 . 

141° C. 

0-9718 „ 17° C. 

1-4134 „ 14-5° C. 


These compounds react with alkalis with the evolution of hydrogen and 
the interpolation of an oxygen atom between two silicon atoms, thus : 



+ 0 / 

Hi 



I 

0 +11,. 

1 

— Si— 


SILICON OXYCHLORIDES 

Of the oxyhalides of silicon which might be expected to exist, 
several oxychlorides alone have been obtained, and of these the 
simplest, SiOClg, is unknown. Our knowledge of silicon oxychlorides 
is due to the researches of Friedel and Ladenburg,^ and of Troost and 
llautcfcuillc,^ and the subject appears scarcely to have been investigated 
since 1881. 

The following oxychlorides have been prepared, the molecular 
formulae of several of them having been established by vapour-density 
determinations : 

Boiling-point, Vapour Density. 

°a (Air=:l.) 

SigOCle . . 137-188 . . 10*05 (theory = 9*86) 

Si403Clio . . 152-154 .. ? 

81404013 . . 198-202 .. 15-5 (theory = 15*9) 

SigOjoClig . c. 300 . • 31*2 (theory == 28-0) 

(Si203Cl2)n . above 400 . . — 

(Si40<jCl2)n • 440 » , — 

The oxychloride SigOCl^ is formed when a mixture of chlorine 
and oxygen is passed over crystallised silicon heated to 800° C., when 

* Martin, Trans. Cliem. 6 'oc., 1914, 105 , 2860. 

2 Martin, J5er., 1912, 45 , 2097 ; 1913, 46 , 2442, 3289 

* Freidel and Ladonburg, Annalen, 1868, 147 , 361 ; BttU, 3oc* chim., 1871, [ii], 16 , 244. 

* Troost and HautefeuiUo, Annakn, 1871, 163 , 146, 871 ; Ann. Ohim. Phys., 1870, 
( vj, 7 , 453 ; BuU- Soc. chim., 1881, [ii], 35 , 360. 
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the vapour of silicon tetrachloride is passed over felspar heated to 
whiteness in a porcelain tube, and by the interaction of silicon tetra- 
chloride and sulphur trioxidc at 50 ° C. : 

2SiCl4 -}- 2SOg = SigOClg -j- S 205 Cl 2 *^ 

It is a colourless liquid which fumes in the air and reacts with water, 
forming hydrochloric and silicic acids, whilst with alcohol, and also 
with zinc ethyl, it yields the ester Si20(0C2ll6)6* "^'he higher oxy- 

chlorides were obtained by passing this oxychloride over heated felspar, 
or by leading a mixture of it and oxygen through a red-hot porcelain 
tube, the product being then submitted to fractional disl illation. 

Ail of these oxychlorides consist of polymerised SiOg molecules, 
some of whose oxygen atoms have been replaced by atoms of chlorine. 
Moreover, they contain chains or rings of alternative silicon and oxygen 
atoms thus : 

I I 

— Si — O — Si — 


which are so characteristic of the clement silicon, especially in the 
natural silicates. Although there is no evidence as to the actual 
constitution of these compounds, it is reasonable to suy)pose that 
Si404Cl8 possesses a cyclic constitution, to which, it is interesting to 
note, a phenyl derivative prepared by Kipping ^ from SiCI^ corresponds : 


Oxvchlon V. i*l)pnyl JinaloRiJc 

Si403CliQ, however, is most easily represented as a chain compound : 
ClgSi-O'SiClg-O'SiCla'O-SiClg, while SigOioClig i«ay possibly consist 
of two eight-membered rings linked through oxygen, thus : 

SiClg— O— SiClg 

0 < >0 

SiCl— O— SiCl 

i i 

SiCl— o— sla 

0 < >0 

SiClg— O— SiCl, 

Whether these constitutional formulae adequately represent the facts 
or not, it is plain that the existence of these complex oxychlorides is 
connected with that of the similarly complex silicic acids of which the 
natural silicates are salts. 


SiClg— O-^SiClg 
0 < > 
SiCl,— O— SiCl, 


SiPh,— O— SiPh. 
0 < >0 
SiPhg— O— SiPh 


Sanger and Riegel, ZeiUck, anorg. Ohm., 1913, 8o, 252. 
Kipping, Trans. Chem. 8oc,, 1912, loi, 2125. 
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SILICON DIOXIDE (Silica) 

Formula, (Si02)« 

With the exccjition of the little-known monoxide, the dioxide is 
the only oxide of silicon. It occurs naturally both in the frc^e state 
and combined with metallic oxides, forminpf silicates, and is the most 
abundant substance in the crust of the earth. 

Natural Occurrence of Silica. --Silica occurs not only in the mineral 
kingdom, but iji tlu' living tissues and structure's of plants and animals. 
Thus silica is found in the straw of cereals such as whc'at and oats, 
these plants having absorbc'd it in a combined state from the soil. 
It was at one timci thotight that the silica served to stiffen the straw, 
but it has been found possible to remove all of this substance from it 
without diminishing its rigidity. Silica is also found in palm-leaves, 
and “ Tabasheer,” which occurs at the nodes of bamboos and consists 
largely of hydrated silica. Moreover, the skeletons of the microscopic 
plants known as diatoms constitute the siliceous earth Kieselguhr^ 
which is used as a basis for dynamite and for packing pur})oses. 

In the animal kingdom silica is found in living tissues,^ and is 
contained to the extent of 40 per cent, in the feathers of birds. Sponges 
are the chief marine organisms in which silica occurs. In these it is 
found in the shape of minute and beautiful spicules, which have been 
formed by the organisms during cell -production, and may be regarded 
as the result of definite growtlis of x)rotoplasm. The beautiful Venus’s 
Flower Basket is a delicate siliceous skelcjton, which formed the greater 
part of the sponge. 

It is suggested by Emerson Reynolds ^ that these occurrences of 
silica show that silicon is able to play the part of an organic element ” ; 
that whilst carbon is the clement of the world of life, and silicon the 
chief element of the inorganic crust of the earth, these elements overlap 
in their functions, so that silicon can replace carbon to a limited extent 
in organisms ; and that it is possible that at a much higher temperature 
a silicon protoplasm analogous to carbon protoplasm might form the 
basis of living organisms. 

Silica occurs in the crust of the earth in two distinct crystalline 
forms, known respectively as quartz and tridymitc ; a third crystalline 
form is also recognised, and known as cristobalitc. 

Further, these three crystalline forms exist in a and ^ varieties ; 
and the transition temperatures between the six forms have been 
determined by Fenner from the heating curves to be as follow ^ : 

a-quartz (tetartohedral hexagonal) :;± p-quartz (hemihedral hexa- 
gonal), 575® C. 

p-quartz p-tridymite (holohedral hexagonal), 870® + 10® C. 

B-tridymite p-cristobalitc (cubic), 1470® + 10® C. 

On cooling, p-tridymite and p-cristobalite quickly pass at the following 
temperatures into metastable forms possessing lower optical symmetry : 

p-tridymitc a-tridymite (biaxial, perhaps orthorhombic), 115®- 
120® C. 

p-cristobalite a-cristobalite (biaxial), 180®-270® C. 

1 Schulz, P finger's Archw., 1901, 84, 67 ; 1902, 34, 455. 

2 Eeynolds, Roy, Inst Reports, 1909. 

* Fenner, J, Washington Acad, Sci,, 1912, 2, 471. 
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According to Endelland Rieke ^ quartz and amorphous silica arc con- 
verted into cristobalitc by heating them above 800° C. ; and Smits and 
Endell ^ find that p-cristobalitc, which is stable between 1085° C. and 
800° C., is conv(Tted by slow cooling in presence oi‘ mincralisers into 
^-quartz, which in turn changes into a-quartz at 575° C. Under 
ordinary conditions of cooling, however, p-cristobalite persists bellow 
800° C. and passes at 230° C. into a-cristobalite. The whole subject 
of the relations bc^tween the different crystallincj forms of silica is still, 
however, in an unccTtain state. 

Quartz. — Quartz is by far the most plentiful form of natural silica ; 
indeed, next to the felspars, it is the most abundant mineral in the 
(‘arth’s crust, for it has been (‘stimated that about 12 per cent.^ of the 
(*ntire lithosphere consists of quartz. 

The purest form of quartz is known as rock-crystal^ a name which 
originally impli('d its supposed formation from water by intense cold 
amidst the Alps. Rock-crystal is coloiirless and transparent, but other 
forms of quartz are coloured with traces of metallic oxides or organic 
matter. Thus amethyst is quartz coloured viol(‘t with oxide of manga- 
nese ; jasper is an opaque, red variety of quartz containing ferric 
oxide ; smoky-quartz contains organic matter ; cairngorm is a yellow 
variety of quartz ; besides which there arc rose-quartz, coloured possibly 
with titanium oxide, and milky-quartz, which is opalescent. 

Chalcedony is a variety of quartz, which may be called crypto- 
crystalline ; it is colourless or white, being transparent or translucent. 
Varieties of chalcedony are : carnelian, which is red ; sard, brownish- 
red ; chrysoprase, a})]:)le-gr(‘en ; agate and onyx, banded and varie- 
gated ; sardonyx, a kind of onyx containing carnelian or sard. 

Flint and chert are mixtures of quartz and amorphous silica of 
aqueous and organic origin. 

Quartz occurs as an essential part of granite and other primary 
rocks, of which it is the acidic constituent, and where it has solidified 
in the free state after the bases have combined with their full comple- 
ment of silica. It is also formed as a secondary deposition after being 
removed in solution from the primary rocks, and thus it occurs in veins 
which may bo of aqueous or igneous origin and auriferous, as well as 
in crystals attached at one end to other rocks or lying free in clay or 
gypsum. Such crystals may vary greatly in size ; they may be almost 
microscopic, or they may be even a yard in length. Frequently, also, 
quartz crystals enclose other minerals such as rutile or hamatite, or 
have within them cavities containing water, saline solutions, or petro- 
leum. Immense masses of crystalline silica occur also as quartzite, 
which is often snowy- white, and has been formed from loose fragments 
of quartz cemented together and rendered homogeneous by perco- 
lating water. Sand in its purcwSt form, Le, “ silver sand,’^ consists of 
fragments of quartz remaining over from granite after its disintegration ; 
and sandstone is composed chiefly of quartz grains cemented together 
by some binding material, but nevertheless porous. 

Physical Properties of Quartz, — Quartz crystallises in the hexagonal 
system. Superficial examination of a well-formed quartz crystal shows 
it to possess prismatic and pyramidal faces ; sometimes, though rarely, 

^ Endell and Rieke, Zeitseh, anorg, Cheni., 1912, 79, 239. 

^ Smits and Endell, Zeitsch, anorg, Chem,, 1913, 80, 176. 

« F. W. Clarke, BuU. U.8. Oedl, Survey, 1904, 228, 19, 20 
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the prismatic faces are entirely absent ; generally the pyramidal faces 
arc iineqnally developed, three alternate faces being large, and often 
almost crowding out the other three. The three alternate pyramidal 
faces are the faces of a rhombohedron, which is a hemihedral form 
derived from the hexagonal pyramid ; and a quartz crystal really 
consists of two such hemihedral forms combined. It is therefore said 
to belong to the rhombohedral division of the hexagonal system. Another 
feature of quartz crystals is the horizontal striae on their prism faces, 
and a further one the frequent presence of other small faces which lie 
b(*twecin the pyramid and prism faces on alternate corners of the crystal. 
I'hcse small faces cause the crystals to appear asymmetric, Le, to be 
without a ])lane of symmetry ; and there are two kinds of such asym- 
metric crystals, which are related to one another as object and image, 
or as right and left hand. The crystals arc then fore said to be enantio- 
morphous, and are conveniently called right- and left-handed crystals 
(see Fig. 5). 




Fig. 6. — Enantiomorphous quartz crystals. 

Now enantiomorphous crystals arc known amongst organic com- 
pounds, and are there associated with optical activity of the compounds, 
as, for instance, in the case of the tartaric acids. Quartz, too, is optically 
active, Le. it rotates the plane of polarisation of abeam of polarised 
light that passes through it in the direction of the principal axis ; and 
the opposite crystals are opposite in their optical activity. In the case 
of organic compounds optical activity is a molecular property which 
persists when the compound is in the state of fusion or solution ; it 
arises from the presence within each molecule of one or more “ asym- 
metric ” carbon atoms. In the case of quartz, however, optical activity 
is a property of the crystal rather than of the molecule of silica ; it 
depends upon the way in which these molecules are built up within 
the crystal, 

A section of quartz, 1 mm. thick, cut perpendicular to the principal 
axis of the crystal, rotates the plane of yellow (D) light through 22® 
and of blue (G) light through 48®. 

Such a section shows interference colours in the polariscope. 
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The refractive index of quartz for sodium (D) Yv^ht ■= 1*544147 ' ; 
its density at 0° C, is 2*6507, and falls to 2*6 109 at 100"' C. ; its 
hardness on Moh’s scale is 7 ; its specific heat from 0® to 400® C. is 
given by the formula : 

Yt == 0*1737 + 0*000394/, -0*0727/^ ; 

between 400® C. and 1200° C. it becomes constant == 0*3. 

Quartz melts in the oxyhydrogen flame (1600®-1750® C.), producing 
a glass whose density at atmospheric temperature is 2*20 ; it begins 
to vaporise between 1700® C. and 1750® C. Before reaching its melting- 
point, howewer, it undergoes modification. Above 575® C. ordinary 
quartz, which may be called a-quartz, undergoes a reversible change ^ 
into f3-qiiartz, which differs from the former in optical properties 
and in the kind of etching produced upon it by hydrofluoric acid ; 
whilst above 800® C. quartz is converted into tridymitc.® These facts 
throw some light on the temperature conditions of formation of quartz 
and tridymite. 

Artificial Production of Quartz, — ^Many experiments have be(‘n made 
upon the production of quartz in the prestmee of water, and in the 
’dry way. Chrustschoff,^ basing his experiments on previous work of 
Sclxafhautl and Senarmont, obtained quartz by heating an aqueous 
solution of colloidal silica to 250® C. for some months. Also he added 
hydro II uoboric acid to the silica, solution and obtained crystals of 
cristobalitc at 180® C. to 228® C,, quartz at 240°-80.0® C., and tridymite 
at 310®~360® C. Quartz has also been obtained by heating gelatinous 
silica with caustic potash and alumina, and with ammonium fluoride. 
Allen produced fine crystals of quartz by heating a mixture of magnesium 
ammonium chloride, sodium metasilicate, and water at 400®-450® C. 
for three days in a steel bomb.® 

Methods for the production of quartz in the dry way include the 
heating of amorphous silica with sodium or lithium tungstate to 750®,® 
and of quartz glass to 700®-750® C. in the vapours of alkali chlorides ’ ; 
but in most of the attempts to obtain quartz in the dry way tridymite 
was formed because the temperature attained was above 800® C., the 
transition temperature of quartz into tridymite. 

Uses of Quartz, — Quartz has been valued fi’om the earliest times on 
account of its transparency and hardness. It is employed in the form 
of gems and ornaments, for making spectacle-glasses (from “ pebbles ”), 
lenses and prisms, and unalterable chemical weights ; whilst the 
commoner kinds are used for cutting and polishing purposes and in 
the manufacture of porcelain and glass. Agate is employed for making 
mortars and pestles for grinding hard solids, and for the bearings of 
chemical balances. 

A recently developed and important use of quartz is for the manu- 
facture of quartz glass.® Transparent quartz of good quality is fused 
in an electric furnace, and the liquid worked like glass into various 

^ Rubens, WUd, Annahn, 1895, 54, 476. 

* Wright and Larsen, Amer, J, Sci., 1909, [iv], 28, 293. 

« Day and Shepherd, Amer, J, Sci,, 1906, [iv], 22, 276. Stein, Zeitech. anorg, Chem,, 
1907, 55, 169. * Chrustschoff, Compi, rend,, 1887, 104, 602. 

« Cited by Day and Shepherd, loc. cit, 

* Hantefeuille, BtUl. 80 c, min,, 1878, X, 1. 

’ Brun, Arch, Set, phys, nai,, 1908, [iv], 25, 610. 

* Vide Bottomley, J, 80 c, Chem, /»d. 1917, 36, 677. 
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forms of chemical apparatus or drawn out into threads of extraordinary 
delicacy, which on account of their strength arc employed for suspensions 
in galvanometers and other instrumerits (Boys). Quartz glass has 
several advantages over glass containing basic oxi(l(.*s. Its coelFicient 
of liu(‘ar expansion is only 0*000000449 ; or, according to Harlow,^ the 
cubical coellicient of ex))ansion of fused silica is 99*8 X 10~® for the tem- 
perature interval 0^-100° C.,and 144*7 X 10~® for the interval 0°-184®C. 
In consequence of this very small coefficient of expansion, quartz glass 
can be heated to a red heat and plunged into watcT without fracture ; 
it may therefore be employed in the distillation of valuable liquids and 
of sulphuric acid, as well as for th(^rmomc‘try ; whilst the fact that it 
contains no alkali to be extracted by water makes it of service in 
chemical analysis. The density of quartz glass is 2*21, its liardn(‘ss 5; 
its refractive index for the D line, md ~ 1 *45848. ^ 

A non-transparent kind of silica glass, known as “ vitreosil,” is 
prepared by passing a powerful electric current through a carbon rod 
or plate embc'dded in sand. The sand fuses round the carbon, and 
when the latter is removed an object of translucent silica remains, 
which may be glazed externally by subsequent fusion or worked on a 
lathe. Vitreosil is employed for making crucibles, dishes, combustion 
tubes, plates, and other articles. 

Tridymite. — Tridymite (r/n'5u/xof, threefold) is a second crystalline 
form of silica, discovered by G. von Rath,^ which occurs in trachyte 
and oth(‘r volcanic rocks. It forms hexagonal plates which are combi- 
nations of prisms and pyramids and probably orthorhombic ; frequently 
it is found in trillings or triplets, wffience its name is derived. That 
tridymite has been formed at high temperature is shown by its artificial 
production under these conditions. Indeed G. Rose observed the 
conversion of quartz into tridymite by simple ignition, and Brim found 
that quartz glass is converted into tridymite when heated between 
800° C. and 1000° C, m the vapours of alkali chlorides. Tridymite can 
be conveniently prepared ^ by fusing sodium silicate with three times 
its weight of sodium ])hosphate for six hours at 1000° C., extracting 
with water and washing. The residue consists of microscopic hexagonal 
tablets of density 2*810. As stated under quartz, 800° C. is the 
transition temperature, below which quartz is stable, above which 
tridymite. Quartz and tridymite arc both polymeric forms of SiOg, 
but tridymite has probably the simpler molecule of the two, and so 
is more stable at high temperatures. 

The density of tridymite is 2*80,® its hardness 7, its refractive 
index ® = 1*476, its melting-point about 1625° C. 

Cristobalite, another crystalline modification of silica described as 
pseudo-cubic, may be obtained by heating powdered transparent silica 
glass in a porcelain furnace. It has a density of 2*319, and is dis- 
tinguished from tridymite by becoming isotropic when heated for a 
short time at 250° C.^ 

Amorphous Silica* — Amorphous silica occurs naturally as opal and 
hyalite. Opal is colourless or variously coloured, has a vitreous fracture, 

^ Harlow, Proc. Physical Soc., 1911, 24, 30. 

^ Gifford and Shenstone, Proc. Ray. Soc.^ 1904, 73, 201. 

® Von Rath, Pogg. AnmXen, 1868, 133, 507 ; 135, 437. 

* Schwarz, Zeitsch. anorg. Chtm., 1912, 76, 422. 

* RammelsbcTK, Rer,, 1872, 5, 1006. 

® Mallard, Buu. Soc, min., 1890, 13, 161. 
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a density of 2*2, and contains a proportion of water which ran^fcs 
be tween 2 and 13 })er cent. There is no doubt that opal is of a 
colloidal nature, and has Ixxai formed by the drying up of gelatinous 
silica ; for an amorphous mass, practically identical with opal, can be 
produced from the colloidal silicic acid sc|)aratcd from an alkali-silica 
solution by strong acid.^ Monmxr, the siliceous sinter de posited in the 
neighbourhood of hot siliceous springs is a kind of opal ; and at Plom- 
bieres, in France, opal has been formed by the action of water on 
Roman cement. ^ Precious, iritlescent opal has been formed in the 
cavities of igneous rocks by the action of hot water. 

Artificial amorphous silica is prepared by decomposing silicon 
tetrachloride with water or an alkali silicate* with acid. When, for 
examples, concentrated hydrocliloric acid is added to a solution of 
soluble glass, which is sodium metasilicate, Na 2 Si 03 , “ gelatinous 
silica ’’ or metasilieic acid separates. The mass is can fully e vaporated 
and ignited, and the silica is thereby rendered insoluble by a process of 
polymerisation which accompanies dehydration. The residue is then 
digest(*d with dilute hydrochloric acid to dissolve oxide of iron or other 
im])urity, as well as sodium chloride, and finally washed with water, 
dried, and ignited. 

Thus obtained, amorphous silica is a wdiite, mobile powde r of density 
2*22 and melting-point 1750°~1780° C. When it is strongly luxated 
for some time the density gradually rises owing to the formation of 
tridymite. 

Chemical Properties of Silica. — ^The different forms of silica differ 
in chemical reactivity. This is shown by heating each variety, finely 
powdered, with 1 per cent, hydrofluoric acid for an hour. Under 
these conditions 5*2 per cent, of the quartz dissolves, 20-3 ])er cent, 
of the tridymite, 25-8 per cent, of the cristobalite, and 52*9 per cent, 
of the amorphous silica.® All kinds, howev(*r, arc insoluble in watc^r 
and all acids except hydrofluoric acid, which forms silicon tetralluoridc 
according to the reaction : 

SiOg + 4HF = SiF^ + 2 H 2 O. 

If pure silica is mixed with excess of aqueous hydrofluoric acid in 
a platinum dish and the liquid is evaporated, the tetralluoridc passes 
away with the steam. Since, however, water hydrolyses silicon tetra- 
fluoridc, it is necessary to add a little concentrated sulphuric acid to 
prevent this action, and then the w^hole may be vaporised without 
residue. Quartz crystals are siowdy etched by hydrofluoric acid, 
their different faces showing different characteristic markings. Dried 
gelatinous silica reacts with molten metaphosphoric acid to form a 
silicophosphoric oxide, ^ but silica docs not displace phosphoric oxide 
from a metaphosphate ; hence particles of this substance float in a 
bead of fused microcosmic salt. Amorphous silica dissolves in solu- 
tions of caustic alkalis, which, however, scarcely act on quartz. Silica 
displaces carbon dioxide from sodium carbonate when it is fused wdth 
this salt, thereby forming a soluble glass. A convenient test for 
silica consists in introducing it into a sodium carbonate head on a loop 

* L. Bourgeois, Reproduction artificieUe des mindraux, 1884, p. 93. 

* A. Daubr<^e, Etudes synthSiques de geologie experimenlale, 1879^ p. 189. 

® Schwarz, Zeitsek. anorg, Chem^j 1912, 76, 422. 

* Hautefeuille and Margottet, Compt, rend,, 1883, 96, 1052 ; 1884, 99, 789 
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of platinum wire. When sodium carbonate is fused alone it crystal- 
lises, and becomes opaque on cooling ; when silica is fused with it 
the bead on cooling appears as a transparent glass. Hydrated amor- 
phous silica dissolves in alkali carbonate solutions ; this fact accounts 
for the appearance of this substance in spring waters, and furnishes 
the means by which silica circulates in nature. 

Silica is reduced when heated with potassium, calcium, or magnesium, 
forming silicon and a metallic silicide and sometimes silicate ; it appears, 
moreover, that silicon monoxide is })roduced when silica is hc^atecl 
electrically in an inert atmosphere with suincient carbon or carborundum 
to remove half its oxygen.^ When silica is mixed with carbon and 
heated in hydrogen sulphide, silicon disulphide {q.v,) is formed. 

The reduction of silica by hydrogen at 1350"-1400° C. has been 
studied by von Wartenberg.^ 

Hydrates of Silica : the Silicic Acids. — It has already been seen 
that hydrated silica exists naturally as o])al, and is formed artificially 
by decomposing silicon tetrachloride witli water, or solubh^ glass with 
hydrochloric acid. 

Theoretically two varieties of monosilicic acid are derivable from 
SiOg : orthosilicic acid, Si(OH) 4 , and mctasilicic acid, SiO(OIl) 2 . 
That these simple formuhe represent actual chemical coni})oimds, 
however, cannot be affirmed, though j)roducts closely corresponding 
to them in comi)osition may be obtained by suitable means. 

Thus, if the gelatinous product of the action of water on silicon 
tetrachloride is washed with benzene and dry ether and then quickly 
dried at atmosj)hcric temperature, the amorphous white powder 
obtained corresponds closely to the composition of orthosilicic acid, 
H 4 Si 04 , but it rapidly loses water when left in the air.* 

A product corresponding a 2 )proximatcly to the formula HgSiOg, 
and which is therefore called mctasilicic acid, is obtained in the following 
way. 

A dilute solution of soluble glass or sodium metasilicate, NagSiOg, 
is acidified with dilute hydrochloric acid. No precipitate is formed, but 
a form of silicic acid is present in the clear liquid. This liquid is then 
submitted to dialysis. It is placed in a dialyscr — ^that is, a flat drum 
with a bottom consisting of parchment paper — which is floated on 
the surface of running water in a large dish. Parchment is a “ semi- 
pcrmeable membrane ” through which the small molecules or ions of 
“ crystalloids,” such as hydrochloric acid and sodium chloride, can 
pass, but which the molecules of “ colloids,” of which silicic acid is an 
example, are too large to penetrate. Thus the sodium chloride and 
hydrochloric acid are washed away, and pure, dialysed silicic acid 
remains. Pure aqueous silicic acid may also be conveniently obtained 
by bringing silicon tetrachloride vapour into water through mercury 
and dialysing the solution.^ Such an aqueous colloid is called a “ hy- 
drosol ” or “ sol ” ; it is not a true solution, but a suspension of ultra- 
microscopic particles.® It, however, possesses a faintly acid reaction, 
and therefore contains some silicic acid in true solution. According 

' D.RP.y No. 189833. 

^ Von Wartenborg, Zeitsch. ancyrg, Cltcm.y 1912, 79 , 71. 

* Norton and Roth, J. Amer. Chem. Soc,, 1897, 19 , 832. 

* Ebler and Fellner, Ber,, 1911, 44 , 1916. 

‘ For a farther discussion of the properties of colloids, the large and growing literature 
of the subject must be consulted. 
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to Ebler^ the specific conductivity of a solution of silicic acid obtained 
from 40 grams of silicon tetrachloride and 2000 c.c. of water is 
K„o = 1*7 X 10 * after dialysing for twenty-two days. Aqueous 
silicic acid is colourless and tasteless, and may be concentrated by 
boiling until it reaches a strength of 14 per cent. It is inclined, however, 
to gelatinise during evaporation, and when the concentrated liquid 
stands for a few days the whole is converted into a transparent jelly, 
the “ hydrogel ” or “ gel.” Thus the hydrosol and the hydrogel are 
two forms of the same product, the former being converted into the 
latter by catalytic agents. The structure of silicic acid “ gel ” has been 
elucidated by Zsigmondy.^ It serves as a medium in which certain 
inorganic salts may be crystallised.® 

If the sol of silicic acid evaporates over sulphuric acid at atmospheric 
temperature in a vacuum, a transparent glass remains which corresponds 
very nearly to the formula H2SiOjj ; and a product of similar composi- 
tion is obtained by washing precipitated “ gelatinous silica ” with 
90 per cent, alcohol.^ 

Nevertheless it cannot be said that definite compounds corre- 
sponding to the formulai 1148104 and 1128103 exist. Since silicic acid 
is colloidal its molecules must be large, and the formulae mSi02.2nH20 
and mSi02.nn20, where m and n are approximately equal, large 
whole numbers more nearly represent the facts, Tsehermak,® who 
has studied the velocities of dehydration of silicic acids derived from 
various minerals, has shown that the curves indicating these velocities 
change abruptly in direction at certain compositions ; this, it is claimed, 
indicates the existence of definite hydrates of silica. Recent research, 
however, has thrown doubt on the existence of any definite hydrate 
of silica.® Hydrated silica performs the functions of a very weak 
acid. Its only soluble salts arc those of the alkali metals, and these 
are hydrolysed in aqueous solution into alkali hydroxides and colloidal 
silicic acid ; this is proved by determination of the freezing-] )oints and 
electric conductivities of the solutions.'^ Hydrolysis of the silicates 
M2Si03 and MHSi03 according to the schemes 

• MgSiOg + HgO ^ 2M' 4- 2OH' + colloidal silicic acid 
MHSiOa + H2O ^ M' + OH' + 

is practically complete at a dilution of 48 litres, whilst silicates of the 
type MaSigOji need to be diluted to 128 litres for complete hydrolysis. 
It may be concluded from this that in natural waters containing alkali 
silicate in very dilute solution the silicic acid is always present in the 
free, colloidal state. 

Very weak acids form ammonium salts with difficulty, and silicic 
acid shares with stannic and a few other acids the inability to form an 
ammonium salt. Hence when an ammonium salt is added to sodium 
silicate solution gelatinous silicic acid is at once precipitated. 

^ Ebler and Fellner, Ber., 1911, 44, 1916. 

2 Zsigmondy, Zeitsch. anorg. Chem.., 1911, 71, 366. 

® Hatschek, Zeitsch. Chew.. Ind. Kolloide^ 1912, 10, 77. 

* Butureanu, Ann. 8ci. Unto. Jassy, 1901, i, 319. 

® Tschermak, Zeitsch. physikal Chsm., 1905, 53, 349 ; Chem. Centr., 1906, ii, 652 ; 
Zeitsch. anarg. Chem., 1909, 63, 230 ; 1910, 66, 199. 

® Mtigge, Centr. Min., 1908, 129 ; van Bemmelcn, Zeitsch, anorg, Chem., 1908, 59, 
226 ; Le Chatelier, Gompt, rend., 1908, X47, 660 

’ Kohlrausch, Zeitsch. physikal Chem,, 1893, 12, 773 ; Kahlenborg and Lincoln, 
J, physical Chem,, 1898, 2, 77. 
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The heats of n action of silicic acid with different ainoimts of sodium 
hydroxide have; bec^n mc'asnrcd by Thomsen.^ These arc very small, 
as is consistent with the weakness of the acid and its very imperfect 
reaction with the i)ase. The following is one of the values obtained 
by Thomsen at C., the dilution being wiLh 200 molecules of 

water : 

HgSiOg + 2NaOn == NagSiOg + 2 H 2 O + 5230 calorics. 

The equilibrium between carbon dioxide and silica when competing 
for tlu‘ same base as in the reaction 

MgSiOg + COg^ MgCOg + SiOg 

has been studied by von Wittorf,*-^ who heated alkali carbonates with 
siliea to temjieratures ranging bctw(‘en 800° C. and 1300° C. in an 
atmospluTC of carbon dioxide, the pressure of which was regulated 
between 0-07 and 1*0 atmosphere. It was found that the power possessed 
by silica to expel carbon dioxide increased with temperature, but 
that the direction of the reaction dejiended upon whether the pressure 
of thc‘ superincumbent carbon dioxide was increasing or decreasing. 
The proportion of carbonate present under similar conditions of 
tcnqjerature and jiressure inerc'ased with rise of atomic weight in the 
series LigCOg, NagCOg, KgCOg, RbgCOg, CsgCOg. 

These conclusions are in accord with the principles of chemical 
dynamics ; COg, considered as a molecule, no doubt has a greater 
affinity for bases than SiOg, but the great difhax'uce in physical properties 
between these two substances rnodilies the influence of chemical allinity. 
Thus, whilst silica displaces carbon dioxide from a carbonate at high 
temperature, especially if the expelled carbon dioxide is allowed to 
escajie freely, because the latter is volatile whilst the former is not, 
carbonic acid displaces silicic acid from axjueous solutions of its salts, 
not only on account of superior allinity, but because of the insolubility 
of the latter. These considerations have a terrestrial significance. 
Thus the igneous rocks contain silicates rather than carbonates ; for 
if atmospheric carbon dioxide was present when they were formed, 
it could not successfully compete with silica at the temperature of 
their formation. Since, however, the cooling of these rocks and the 
advent of water on our globe, atmospheric carbon dioxide has been 
perpetually disintegrating natural silicates, setting free silica, and 
forming carbonates instead. 

THE SILICATES 

It has been seen that silica is the anhydride of a very feeble acid, 
silicic acid, which is supposed to exist in the ortho- and meta- forms, 
Si(OII )4 and SiO(Ori )2 respectively ; but that the acids actually 
obtainable approximate rather than actually conform to these simple 
types, because the chemical union between silica and water is of such 
a feeble and complex character as apparently to lack definiteness. 
The silicates are, however, more definite in composition than the acid 
itself, though only in the case of a few organic silicates are their mole- 
cular weights known. These, however, are of the utmost importance 

* Thomsen, Thermochemiache Untersuchungen, 1906, p. 6 i. 

* Wittorf, Zeitach. anorg, Chem,^ 1904, 39 , 187. 
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because they alone throw any certain light upon the constitution of 
silicates in general. 

Thus the existence of ethyl orthosilicate, whose molecular formula 
is Si(OC 2115)4, to a certain extent justifies the formula 

for the mineral olivine whose empirical composition is 2Mg0.Si02, 
whilst ethyl mctasilicate, Si0(0C2ll5)2, represents a type to which 
belongs a class of natural silicates of which wollastonite, CaSiOg, is 
an example. 

The preparation by Kipping ^ of the orgaiio-silicic acids 
SiPh2(OH)2, HO SiPhg O SiPha-OH and HO SiPha O SiPhg O SiPhg OH, 
as well as the cyclic anhydrides : 

/SiPhg-O. /SiPhg-O-SiPhgv 

0 < ;SiPh2 and 0 < >0 (Ph == C5H5), 

\SiPh2*0^ ^SiPhg'O-SiPhg^ 

affords valuable information as to the probable structure of the complex 
mineral silicates, and suggests the way in which silicic acids may con- 
dense to produce silica., which may thus be a complex mixture of different 
polymers. No closed chain compound has yet be en obtained, however, 
containing in its molecule more than four atoms of silicon and four 
of oxygen. 2 

Having regard to the way in which natural silicates have crystallised 
from molten magmas, Mcndeleeff has likened their formation, whether 
produced naturally, as for example in granites and lavas, or artificially, 
as in slags and glasses, to that of alloys, from which definite compounds 
of the constituent metals crystallise. 

The earliest classilicatiori of the natural silicates, that of Berzelius, 
was purely empirical, and was upon a dualistic basis. Recognising that 
silicates arc compounds of silica with other oxides, more or less basic, 
Berzelius employed the oxygen ratio as a means of classification. An 
example will make this clear : 

R2Si04 — 2RO : SiOg oxygen ratio is 1 : 1 
RSiOg =- 110 : SiOg „ „ 1:2 

RgSigbg = 2 R 0 : SSiOg „ „ 1:3 

This method is not satisfactory, since it separates silicates that are 
naturally allied. For example, albite and anorthite are isomorphous 
felspars, but they are separated in Berzelius’s system, thus : 

Albite = NaAlSigOg or NagO, AlgOg : fiSiOg oxygen ratio = 1:3 

Anorthite = CaAlaSigOg or CaO, AlgOg : 2Si02 „ „ 1:1 

This raises the (juestion whc>thcr or not alumina should be regarded 
as basic in such silicates — a question which will be dealt with later. 

A more modem method of classification consists in fomiulating a 
number of hypothetical silicic acids and arranging the natural silicates 
in groups according to these types. In this way a large number of 
silicates can be brought together imdcr a few types. 

^ Kipping, Tram. Chem. 80c., 1912, 101 , 2108, 2125. 

* Meads and Kipping, Trans. Chem. 80c., 1915, X07, 459. 
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The following are these types, with a few examples of each : 
Monosilicati:s 


I. Orthosilicic acid Type, 1148104 or Si(OII) 


Olivine 
Willemite 
Anorthite 
Garnet , 

II. Metasilicic acid Type, HgSiOg 
Wollastonite . 
Leucite 
Enstatite 
Beryl . 

Disiijcates 


MgaSiOi. 

Zii 2^104. 

CaAl 2(8104)2. 

Ca3Al2(8i04)3. 

or SiO(OH)2. 

CaSiOg. 

KAl(Si03)2. 

MgSiOg. 

G 1 3 A 1 2( 8iO 3) 3. 


III. Orthodisilicic acid 2 'ype, 11381207 or (110)381 — 0~-Si(0H)3. 

Barysilite . . Pb3Si207. 

IV. Metadisilicic acid Type, llgSigOg or HOOSi — O — SiOOH. 

Titanitc . . CaSiTi05. 

Petalite. . . LiAl(Si205)2. 

Trisilicates 


V. Orthoirisilicic acid Type, HgS^Ojo or 

( 110 ) 38 !— 0—Si(0H)2— 0—81(011)3. 
Melilith , . Ca 4 Si 30 io* 

VI. Trisilicic acid Type, 11481300 or (H0)2Si<f^ ^Si<^ \si(0H)2. 

^0/ \o/ 

Orthoclase . . KAlSigOg. 

Albite . . . NaAlSi308. 


A large number of natural silicates can be included in the above 
classes, and so far the system seems satisfactory. There are, however, 
some important silicates that appear not to conform to any of these 
types, prominent among which are cyanite and andalusite, both of 
which possess the composition AlgSiOg, and kaolinite, or china clay, 
which is H4Al28i203, to which serpentine, H4Mg38ia09, corresponds. 

It is usual, however, to consider cyanite a basic metasilicate and 
andalusite a basic orthosilicate, thus : 

0 =A 1 — Ov 

Cyanite . (A10)2Si03 or ^Si ~0 

0 ==A 1 — 0 / 

Andalusite . Al(A10)8i04 or 0 =A 1 — O — 8 i (“0 7AI ; 


whilst kaolinite and serpentine are hydrated forms of orthodisilicates, 
Al2Si207.2H20 and Mg3Sia07.2H20 respectively. AlgSiOg has been 
prepared artilicially by Shepherd, llankin, and Wright,^ but it is identical 
with the mineral sillimanite, into which andalusite and cyanite are 
slowly transformed when they are heated above 1800 ® C. 

The micas are, moreover, an important class of natural silicates 
which appear not to come within any of the above categories. They 

^ Shepherd, Rankin, and Wright, Am&r. J. Sd., 1909, [iv], 28 , 293. 
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are regarded by F. W. Clarke ^ as dcTivatives, or isoniorphous mixtures 
of derivatives, of the aluminium silicates Al4(Si04)3 and Al4(Si308)3, 
and therefore as belonging to the orthosilicic or trisilicic type, Musco- 
vite, for example, which occurs in granite, is H2KAl3(Si04)3, Tschermak, 
however, supposes the micas to consist of isomorphous mixtures of 
three types of molecules, symbolised respectively by K, M, and S. 
thus ; 

K = H2KAl3(Si04)3 (muscovite) 

M = Mg6(Si04)g (olivine) 

S = H4Si5042* 

It will be observed that S introduces an additional type of silicic-acid 
molecule. 

These considerations suffice to show that the classification of the 
natural silicates is a matter of great complexity, and that to refer them 
to a few types of hypothetical silicic acids constructed a priori on 
theoretical grounds is not to account for them completely. Especially 
is it to be noted that this chemical classification is not the kind of 
classification which would be evolved by a mineralogist who took 
account of natural relationships. It has already been pointed out 
that classification by oxygen ratio separates albite and anorthite, which 
are naturally allied ; chemical classification according to types of silicic 
acid also separates them. CLarke, by classifying natural silicates as 
derivatives of Al4(Si04)3, gives the following formulae r 

Lime garnet ; Al2Ca3(Si04)3 

Anorthite : Al8Ca3(Si04)8 

Albite : Al3Na.j(Si30g)3 . 

but this arrangement brings together garnet and anorthite, which are 
dissimilar, and still separates anorthite and albite, which are similar 
in physical properties. 

According to the system of Goldschmidt, silicates may be derived 
from polymerised silica molecules such as SigO^g or SgOj^ by the 
replacement of silicon atoms by equivalent metallic or other atoms. 
Thus these three silicates arc formulated : 

Lime garnet : Si3Ca2(CaAl2)0,2 
[SisSi {Si^)Oi.J 
'Anorthite : Si4 (CaAl2)20ifi 

2)2^1 fl] 

Albite : Sig (NaAl)20ifl 

[Sie{Si)204e] ; 

and the system has the merit of classifying anorthite and albite together 
and separating them from garnet. 

The natural silicates may now be considered from another point of 
view. It will have been observed that a large number of them contain 
alumina, an amphoteric oxide possessing distinctly acidic properties 
which arc shown in the existence of aluminates, of which the spinels, 
e.g. MgAljO,, are natural examples. Thus alumina approaches silica 
in chemic^ properties, with which indeed, in the crystalline form, it is 
isomorphous. Consequently it cannot be accurate to regard alumina 
as entirely a basic oxide in the aluminous silicates ; and so several other 

^ Clarke, Amer. J. ScL^ 1889, [iii], 38, 384 
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points of view present themselves,^ which can be vStated in the form 

of three distinct theories : 

(1) The aluminous silicates arc of the nature of double salts analogous 
to the alums, aluminium silicate and a silicate of a stronger base than 
alumina being united together by a kind of residual affinity whose 
strength depends upon the difference in basic power between alumina 
and the other nuitallic oxide, just as the union of sulphates in the 
alums depends upon such a difference. 

(ii) The aluminous silicates are isomorphous mixtures of silicates 
and aluminatcs. 

(iii) The aluminous silicates are salts of strongly basic radicles 
with complex silico-aluminic acids, which are analogous to the complex 
acids formed by molybdenum and tungsten — such as, for example, the 
silicomolybdate ^ 

2R 2O. SiO 2- 1 2M0O 3. aq . 

It is doubtful, however, whether alumina forms complex acids analogous 
to those of the trioxides of the sixth group ; rather will it take the 
place of silica itself in such a compound as the above. Nevertheless 
various attempts have been made to express the constitution of the 
aluminous silicates on the assumption that they are individual com- 
pounds and not isomorphous mixtures. Orthoclase felspar, perhaps 
the most important of these compounds, will serve as an example. 

Tschermak ^ writes the formula for orthoclase thus : 

K20.Al203(Si02)4.(Si02)2, 

and constitutional!}’^ : 

0 =Si< )Si< >A 1 — O 

^0/ ^0/ 


0==vSi< >Si/ )A1— O 

^0/ 


,0K 


\si^ \si^ 
/®\o/®\oK ' 


whilst P. Groth,* adopting the simplest empirical formula, represents 
the silicic acid to be entirely in the meta- form, thus : 


0 =Si< >A 1 — O— Si— O— Si— OK, 

^0/ 


Clarke, in accordance with his theory that aluminous silicates are 
derivatives of ahuninium silicates, formulates felspar thus : 

/[SisOg]-— Kj 

Al^ [SiaOg] -Al 
^[Si^OJ-Al; 

^ Vide W. and D. Asch : Die Silicate (Julius Springer, Berlin, 1911), for an exhaustive 
tarcatnient of the subject, 

® W. Asoh, Dissertaiionf Berlin, 1901, 

® Tschermak, Mineral, Mitteil, 1871, 2. Heft. 

* P. Groth, TabeUariscM Vheraicht d, MinercUien, iv Aufl., S. 120, Braunschweig, 1898. 
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and Vernadsky,^ considering this silicate to be the potassium salt of 
the complex silico-aluminic acid HjO.AIjOg.eSiOj, develops its struc- 
tural formula thus : 


OK 


A1 

0--Si< )Si/ >Si Si< )Si< ''.Si=0 

^o/ \o/ I I ^o/ ^O^ 

o o 


AJ 

(IK 


Clay, moreover, is believed by Loew to be an anhydrosilico-aluminic 
acid, thus ^ : 

Al.,Si,07.2II,0= 0[Si(0H)< VlOH]». 

^ 0 / 


The subject is carried much further in the hexite-pentite theory ol’ 
W. and D. Asch.^ 

According to this theory silica and alumina form closed chains 
containing 6 or 5 atoms of silicon or aluminium alternat(‘d with oxygen 
atoms. The hydrated forms of silica and alumina hexite are : 


(OH), 

Si 

/ \ 

o o 

/ \ 

(IIO)i=Si SMOH), 

I I 

(HO)i=Si S^(OH), 

X/ 


Al— OH 

/ \ 

o o 

/ \ 

HO— Al Al— OH 


0 

1 

HO— Al 


i 

I 

Al— OH 


\ /■ 

Al— OH 


(OH), 


^ Vernadsky, Zeitsch, KrysL Min,^ 1901, 34, 61. 

• Loew, Chem, ZevJtr,^ 1914, [ii], 428 ; from I^indw. Jakrt.^ 46, 161. 

• W. and D. Asch, 1^. cil. 
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to which there correspond the anhydrides : 


O 


Si 

/ \ 


Si=0 

I 

O and 


0=Si 

I 

, O 

0==Si Si==0 

\ 0'^ 


A 


o 


Ai 

I °| 

O I 


a/ 

\/ 

Al 

o—\ 

\ l._-0 

Al 


Al 

i 

1, 


The hydrohexites are represented more briefly thus : 


and 


(OH), 



A 

(UO)^/V(on), 


Si 


or Si 

(H0),=' '=--(011), 

11 


(Oil), 


i 

OH 


II 

1 

HO— 

-OH 

1 

H— /\— ] 

i Al ! 


or Al 

Ho-y- 

-OH 

1 

OH 


1 

H 




H 



Similarly the silica and alumina pentites arc, in their abbreviated 
form : 



whilst the hexitc and pentite symbols in their briefest form are : 

A A — — 

Si, Al and Si, Al respectively. 

The fundamental assumption of the theory of W. and D. Asch is that 
all the natural silicates contain ten- or twelve-membered rings of alternate 
silicon or aluminium and oxygen atoms, and by means of this theory 
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a very large number of silicates can be formulated. This may be 
shown by a few examples : 

_AAA/'x- 


8H20.6Alj03.12Si0s = 


A 1 Si 


Si A 1 


= H?e(Al-Si-Si-Al)» 


I I I I. 

AAAA 


10H2O.6Al3Os.l2SiOj 


Si I A 1 

I 


A 1 


Si 


= H 2 „(sVAl-Al-Si) 


j A A . 

8H3O.GAJjO3.10SiO2 = =-=<^Si:AI A1 Si^ = H^e(Si-Al-Al-Si) 

1 yy^' 


12H20.3Al20s.l8Si02 



A 



Kaolin == 6n2O.6Al2O3.i2SiO2.6H2O = H;2(Si-Al-AlSi)‘6H20 


Albite = SNaaO.SAlgOg.lSSiOg 


- Na"e 



Muscovite = 4H20.2K20.6Al203.12Si02 = HjK^(SiAl*AISi). 

Apart from theoretical views upon the constitution of the natural 
silicates, these minerals may be practically divided into two great 
classes : anhydrosilicates and hydrosilicates or zeolites ^ respectively. 
The former silicates contain no combined water, and are decomposed 
only by prolonged heating with concentrated sulphuric acid, or, better, 

i H® e* (HO). The symbols Si, Si, eto.,have been explained on the previous page. 

* Zeolite « boiling stone, (iiv, to boil. 
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by fusion with excess of alkali carbonate. Hydrosilicates intumesce 
when heated before the blowpipe, with loss of water, and are decom- 
posed by concentrated hydrochloric acid with separation of gelatinous 
silica. Their hardness (3*5 to 5) is considerably less than that of the 
anhydrosilicates (4<*5 to 7), and this, together with their greater reac- 
tivity, shows them to have a molecular texture less dense than that 
of the anhydrosilicates. 

Many examples of anhydrosilicates have already been given ; a 
few typical hydrosilicates are : 

Natrolitc • ll 4 Na 2 AlaSi 30 i 2 . rhombic 

Chabazite . llQCaAi 2 Si 40 ie. 2 H 20 . rhombohedral 

Phillipsite . II gCaAl 2815045 . 4^120 . monoclinic 

Stilbite . H 4 CaAl 2 Si 50 i 8 . 3 ll 20 . monoclinic. 

The constitution of numerous natural silicates has been investigated 
by Tschermak ^ in the following manner : The powdered silicate was 
decomposed by prolonged digestion with conccaitrated hydrochloric 
acid at a temperature approaching 60° C. ; the liberated silicic acid 
was thorougbly washed, and then allowed to dry slowly in the air. 
The rate at which loss of weight proceeded was found to change at a 
certain point which was believed to indicate transition from aqueous 
evaporation to deliydration ; and the composition of the silicic acid 
at this point was supposed to correspond to that of the mineral wdiich 
was a salt of the acid. Thus, for example, whilst the hydrolysis of 
silicon tetrachloride yielded orthosilicic acid, 1148104 , of density 1*576, 
the same acid w^as obtained from natrolite, Na 2 H 4 Al 2 Si 3042 » and from 
dioptase, H 2 CuSi 04 , which arc consequently orthosilicates. Hemi- 
morphite, IlgZnSiOg, also, in spite of its empirical formula, is shown 
to be an orthosilicatc by this method; whilst anorthite, CaAlgSigOg, 
yields metasilicic acid, IlgSiOj (density 1*813), and leucitc, KAlSigOg, 
H 4 Si 2 O 0 , or “ leucite ” acid, a polymer of metasilicic acid, of density 
1*809. “ Garnet ” acid, ll 4 Si 308 , has the density 1-910 and “ albite ” acid, 
HgSigO^, the density 2-043. The different acids are distinguished by 
their behaviour towards methylene blue. The conclusions of Tschermak 
have been adversely criticised by Mugge.^ 

The preparation of artificial silicates, corresponding to the natural 
minerals, by fusing together their constituents is a method of study 
which has been pursued by Vogt,^ and by Doclter and his pupils. 

Vogt applies the j)rinciples of physical chemistry to the crystallisa- 
tion of silicates from fused magmas, and especially the conclusions 
of Roozeboorn concerning the solidifyiug-points of mixed crystals. Con- 
sequently he believes that the identity of the silicates is preserved in the 
fused state, and that their molecular weights may be determined from 
the depression of the freezing-points of the molten magmas. Doclter,^ 
on the other hand, who has determined the melting-points of a large 
number of silicates, regards them as highly dissociated in the liquid 
state, and dissents from some of Vogt’s conclusions. 

^ Tschermak, Zeitach, phjaikal Ckcm.^ 1906, 53, 349. 

® Miigge, Oenlr Mm., 1908, 129, 325 ; see also Lebodeif, ZeitscK unorg. Chem., 1911, 
70, 301. 

• Vogt, Die SilikcUschmelzldstingcn, Christiania, 1903 ; Tschermak, Minerahgiache 
MiUeilungen, 1906, 24, 437 ; and 1907, 25, 361. 

* Doelter, Sitzungsber. K. Akad. Wiss, Wien^ 1904, X13, [i], 177 
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A number of “ hydrothermal ” silicates have been prepared by Baur 
and Becke ^ by hc‘atin^][ amor{)hous silica, alumina, and lime with sodium 
or potassium hydroxide to C. in a steel cylinder ch)sed with 

a stc'cl screw. Tlie followinj^^ are among tint minerals ” so obtained: 
(piarLz, opal, ortlioclase, albite, oligoclasc, andalusite, muscovite. 

Few delinitely crystallised artificial silicates exist, and these arc 
confiiK^d to the alkali metals. 

Sodium Metasilicate may be obtained by inoculating its strongly 
alkaline solution w^ith tlui solid salt, and when recrystal Used from 
warm 2-3 per cent, solution of sodium hydroxide yields rhombic 
crystals having the composition NagSiOg.Oll^O. These cr3"stiils melt at 
48 ^^ C., and slowly lose six mol(.*cules of water when k(‘pt over sulphuric 
acid. The trihydrate NaoSiOg.SlIgO thus obtained yields the hexa- 
hydrate NagSiOg.OlIgO when allow^ed to stand over 25 per cent, sodium 
hydroxide solution. High tempc;raturc is necessary for the complete 
dehydration of the salt.‘^ 

The aqueous solution of this salt is stroTigly alkaline, and is believed 
to have been hydrolysed according to the reaction ^ : 

2 Na 2 Si 03 + HgO Na2S./35 + 2mOU. 

A dilute aqueous solution of sodium silicate may be titrated with 
decinormal acid as if it were sodium hydroxide, wlien methyl orange 
is used as indicator. 

In commercial sodium silicate the ratio b\" weight of silica to soda 
may be as high as 3 to 1. When the ])roy)ortion of silica is large the 
silicate dissolves only very imperfectly in much water. 

SILICON OXYHYDRIDES 

Several compounds exist containing more than one silicon atom 
combined with both ox^^gen and hydrogen. The three whoscj (jornposi- 
tions are definitcl}'^ knowm are : 

Silicoformic anhydride . . . llgSigOg 

Silico-oxalic acid .... H2^^i2^^4 

Silicomcs-oxalic acid . . . ll4Si;jOp. 

Th(^se names suggest analogous carbon compounds, and the latter two 
corr(‘spond, at least in empirical composition, to oxalic acid, II2C2O4, 
and mesoxalic acid, 114030(5, 

Silicoformic Anhydride, llgSigOs, was obtained in an impure form 
by Buff and Wohler,^ and pure by Friedel and Ladenburg,® by de com- 
posing silicochloroforrn with ice-cold water. The formation of the 
anhydride is probably preceded by that of the free acid, which then 
loses water, thus ; 

HSiClg HSi(OII)3 ® 

+ 6 H ,0 ► > -i-SHgO. 

HSiClj IlSi( 01 I )3 HSi : O 

+ ellCl 

^ Baur and Becke, Zeitsch. anorg. Otem., 1911, 72 , 119. 

* Vesterberg, Zeitsch, avvorg. Chem.y 1914, 88 , 841 

® Kohlrausch, Zeitsch. fhysikal, Chem.y 1893, 12 , 77.3 ; Hantzsch, Zeitsch. anorg. Chem., 
1902, 30 , 295; Mylius and GroschufI, Bcr., 1906, 39 , 116. 

* Buff and Wohler, Annalen, 1857, 104 , 101. 

* Priedel and Ladenburg, Annahuy 1867, 143 , 121 . 
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Although orthosilifoformic acid is unstable, its ethyl ester is formed 

by the action of alcohol on silicochloroform, thus : 

HSiClg + SCsjHbOH = HSi(OC2H5)3 + 3 IIC 1 . 

For the less reactive chloroform to yield the corresponding ortho- 
formic ester, sodium ethoxide must be employed thus : 

HCCI3 + SCaHsONa = HC(OC2H5)3 -f SNaCl. 


Formic anhydride, (HC0)20, corresponding to (lISi0)20, is unknown, 
for any atttanpt to dehydrate formic acid yields carbon monoxide : 


IICOOH 

HCOOH 


nco ■ 

> 

HCO 


L +H2O j 


CO 

+ 2H20. 
CO 


Silicoformic anhydride is an insoluble white powder, which should 
be dried in vacuo over sulphuric acid. It may be heated to 300° C. 
without decomposition, but at a higher temperature it evolves water 
and silicane, Sill 4, and l(‘aves a residue of silica. It inflames when 
hciated to a high temperature in the air, and emits a phosphorescent 
light ; it is stable towards acids, but reacts with alkalis, forming silicates 
and hydrogen, thus, e,g, : 


(HSi0)20 + 4NaOH = 2Na2Si03 + H^O + 2H2. 


Towards various substances in solution it behaves as a reducing agent ; 
thus it reduces permanganic and chromic acids, and separates sulphur 
from sulphurous acid, and mercury, silver, gold, and platinum from 
their salts. 

Th(‘se rc^ducing properties arc traceable to the hydrogen atom 
in silicochlorolbrm, which persists in silicoformic anhydride. Like 
silicic acid, which it somewhat resembles in physical properties, this 
compound no doubt consists of polymerised molecules, (H2Si203)n. 

Silico*»oxalic Acid, (H2Si204)n. — This compound, the silicon analogue 
of oxalic acid, is formed by the hydrolysis of hcxachlorosilico-ethane, 
Si2Cl3, or hexa-iodosilico-ethanc, Si2l6, by means of ice-cold water : 

SiClg SiOOH 

I + 4H2O = I + 6HC1. 

SiClg SiOOH 


Ilexa-iodosilico-ethanc also reacts with absolute alcohol thus : 


Si2le + 6C2H5OH == (SiOOII)2 + 6C2HJ + 2H2O. 

Silico-oxalic acid is conveniently prepared ^ by allowing moist air to 
act slowly upon hexaclilorosilico-ethane contained in a platinum capsule 
cooled by ice, and then washing the product with cold water till it is 
free from chloride, and drying it in a vacuum. It is a white insoluble 
powder which explodes feebly when heated or rubbed. It dissolves 
in alkalis, forming silicates with evolution of hydrogen, thus : 

H2Si204 + 4NaOH = 2Na2Si08 + 2HaO + H* ; 

^ Gattermann and Weinlig, Ber,, 1894, 27 , 1942. 
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consequently it is a reducing agent ; it reduces permanganic acid 
quickly, and chromic acid slowly, but does not prcci})itate gold from 
cold solution. That silico-oxalic acid possesses but half the reducing 
power ot silicoformic anhydride is indicated by the equations : 

H^SigOg + 20 - HgO + 2Si02 

+ O = H^O + 2Si02. 

ihe name silico-oxalic acid is hardly justifiable since this substance 
forms no salts. 

As regards the constitution of this compound, the formula (SiOOH)2 
postulatcis reducing properties allied to those of (C00I1)2 ; nevertheless 
it has been proposed to formulate this substance thus ^ : 

0==Si — O — O — Si==0 


Now the formula O^^^Si — Si==0 is derivable directly from 

I I 

OH OH 

Cl2==-"Si Si=Cl2, whilst the above formula involves an intramolecular 

(!i Cl 

change, for which some analogy appears to be provided, for instance 
by phosphorous acid : 

PCI3 P(0H)3 — ^ 0==P(01I)2. 

The cases, howevcT, arc not parallel, for in the latter example the 
valency of the phosphorus atom is increased. Moreover, there is serious 
objection to assuming an oxygen chain to be present in the molecule of 
silico-oxalic acid, and no objection to retaining the formula analogous 
to that of oxalic acid. 

Further, it has been shown by Martin * that silico-oxalic acid is 
produced, in a yic'ld of 99-100 per cent., by the reaction : 

Si2(OEt)e + 4H2O - SigO^Hg + GEtOH ; 
and since the scries of reactions : 


ClsSi-SiCl3*^^(EtO)3Si-Si{OEt)3^|^(HO)3Si-Si(OH)3''f^^^ 

IIOSiOSiOOH, 


proceeds quantitatively, this fact affords additional evidence that the 
constitution of silico-oxalic acid is analogous to that of oxalic acid. 
The compound is, however, probably a polymer with a cyclic constitution, 
as appears below. 

Silicomes^'oxalic Acidic H 481303. — ^This compound, which is the 
silicon analogue of mesoxalic acid : 

COOH SiOOH 


i 


(OH) 

OOH 


2 


Mesoxalic acid. 


I 

Si(OH)3 

SiOOH 

Silioomes'oxalic acid. 


^ Grossmann, see Abegg, Handbv^k d&r anovg. (Jhtm., Ill, ii, 354. 
^ Martin, Trana. Chem. 80c., 1916, 107 , 319 
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is formed by the action of moist air on octachlorosilicopropane, SigClg, 
at 0 ° C. It is a wliito unstable powder, which is insoluble in water, but 
reacts with alkali forming silicate and hydrogen : 

11481306 + ONaOlI - ^NaaSiOg + Sll^O + 2H2. 

It possesses reducing properties, indicated thus : 

H^SigOe + 20 =- 2 H 2 O + aSiOg. 

Silico-oxalic acid and silicomes-oxalic acid yield identical forms 
of silica when treated witli ammonia, and Martin ^ accounts for this 
fact by the following scheme, in Avhich the polymerised and cyclic 
constitution of these two acids is set forth : 


Si.,( 0 Et )6 

Ethyl ortho-si lico-oxalate 


II2O 


Si 2 (OII )6 

ortho-silico-oxalic acid 
(unstable ) ; 3 mols. condense 

I 

SiOH SiOH 

/\ /\ 

0 0 0 0 

\/ \/ 

sioii siori 

I yO. I 
SiOH < > SiOH 

Silico-oxalic acid. 


SisClg 

Octaehlorosili(.*()propane 

II2O 

si,(on)g 

ortho-silicomes-oxalic acid 
(unstable) ; 2 mols. condense 


HOSi< )Si01I 

^ 0 / 


Si(0n)2 Si(OII)s, 


IIOSi< 


I /®\ I 

< 0 >' 

Silicomcs-oxalic acid. 


>SiOH 




Si 


:/ 








\ 

/\ 

o o 

\/ 

Si 


^Si 

,0/ /\ 

^ o o 

\/ 

Si 

/\ 

.0 o 0 


\/ \/ 

Si/ \Si 


When ethyl ortho-silico-oxalate (hexa-ethoxysilico-ethane) is treated 
with sodium or potassium hydroxide solution, hydrogen is evolved, and 

^ Martin, Trans. Ohem. Soc., 1915, 107 , 1043. 
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a silicate formed by the interpolation of an oxygen atom between the 
two silicon atoms thus : 

OR OR OK OK 

^Si-Si^ + 2KOI1 + H/I = \si -O— Si/' + 2ROII + Hj. 


SILICON AND SULPHUR 

The following silicon compounds containing sulphur are known . 


Silicon disuljdiidc 


. SiS 2 

Silicon rnonosulphide 

• 

, SiS 

Silicon oxysulphkle 

• 

. SiOS 

Silicon thiochloride . 

• 

. SiSClg 

Silicon tliiobromide . 


. SiSBrg 

Sili con ehlorohy drosulphide 

. SiCl3SII 

Silicothio-urca 

. 

. SiS(Nll2), 


Silicon Disulphide, SiSg, <;an be jirepared by passing the vapour of 
carbon disiiljiliide over a heated mixture' of silica and carbon, but is 
best obtained by heating to a rt‘d heat an intimate niixtun! of amorphous 
silicon with three limi'S its Aveight of powdered sulj^hnr, and subliming 
the product under reduced pressured It is also formed by the dry 
distillation of the thiochloride : 

2SiSCl2 = SiSg + SiCl4, 

and by adding lithium silicide to molten sulphurd 

Silicon disulphide forms white silky needles, which may be sublimed 
in an inert atmosphere, but which burn to silica and sulphur dioxide 
when heated in air. Moisture decomposes this compound, iorming 
silica and hydrogen sulphide ; clilorine forms chlorides of sulphur and 
silicon ; fused sodium sulphide yields sodium thiosilicate, NagSiSg,® 
so that silicon disulphide, SiSg, is thiosilicic anhydride. 

Silicon Monosulphide, SiS, is formed, together with the oxysulphide, 
SiOS, when sulphur vapour is passed over silicon heated to whiteness 
in a porcelain tube,^ and also when ferrosilicon and sulphur are heated 
together in an electric furnace.® Silicon rnonosulphide is a yellow 
volatile solid, which also appears to exist in a black modification, and 
dissolves in alkali solution with evolution of hydrogen. 

Silicon Oxysulphide, SiOS, appears to be a yellow solid which dissolves 
in alkali without evolution of hydrogen. 

Silicon Thiochloride, SiSClg, is formed, together with silicon disul- 
phide and silicon tetrachloride, w^hen the vapour of sulphur mono- 
chloride reacts with crystallised silicon at a red heat.® The product is 
purified by crystallisation from carbon tetrachloride, and sublimed at 
100° C. in a stream of dry air. It has also been prepared by the pro- 

^ Hoinpcl and von Haasy, Zeitsch. anorg, Chem,, 1900, 23 , 32. 

® Moissan, Compt. rend,, 1902, 134 , 1083. 

^ Hempel and von Haasy, ibid. 

* Colson, Bull. Soc. chim., 1882, [ii], 38 , 56; Eankin and Rivington, Proc. Chem 
Soc., 1908, 24 , 131. 

® Cambi, AUi R, Accad. lAncei, 1910, [v], 19 , ii, 294 ; 1911, [v], 20 , i, 433. 

« Besson, Compt. rend., 1891, 113 , 1040. 

VOL. V t 
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longed intcriietion of silicon tetrachloride vapour and hydrogc'U sulphide 

at a dull red lieat, when the following change's take place ^ : 

SiCl 4 + IlgS > SiClgSil SiClgS 4 - IlCl. 

+ HCl 

This eoinj:>oiind crystallises from carbon disulphide in colourless prisms 
which melt at 74*^ C. (Besson) or 75° C. (Blix and Wirbelauer) ; the 
liquid boils at 02 ° C. under 22-5 mm. pressure (Blix and Wirbelauer). 
Water and moist air decompose silicon thiochloridc with evolution of 
hydrogen chloride and sulphide and separation of silicic acid ; while 
heat breaks it uj) into silicon tetrachloride and disulphide. 

Silicon Thiobromide^ SiSBrg, is forme d with evolution of hydrogen 
bromide by tJie interaction of silicon tetrabromide and hydrogen 
sulphide at 150° C. in presence of aluminium bromide as a catalyscr.^ 
It is separated from unchanged silicon tetrabromide by fractionation 
in vacuo, and forms colourless plates melting at 93° C. to a liquid which 
boils at 150° C. under 18-3 mm. ])rcssure. The crystals fume in moist 
air, and react vigorously with water, with separation of silicic acid 
and evolution of hydrogen bromide and sulphide. 

Silicon Chlorohydrostilphide, SiClgSlI. — It has been seen under 
silicon thiochloridc that silicon chlorohydrosulphide is an intermediate 
product of the interaction of silicon tetrachloride and hydrogen suli)hide. 
This compound is therefore formed by passing a mixture of silicon 
tetrachloride vapour and hydrogen sulphide through a tube at a 1ow(T 
temperature than that required for preparing silicon thiochloridc.*^ It is 
separated from unchanged silicon tetrachloride by fractional distilla- 
tion and condensation in a freezing mixture. It is a colourless, fuming 
liquid, of density 1*48 at 15° C., which boils at 90° C. Friedel and 
Ladenburg ^ found its vapour density between 155° C. and 161° C. to be 
5*74 and 5*24-5*32, theory requiring 5*83 (air = 1 ). It is decomposed by 
water with separation of silicic acid and evolution of hydrogen chloride 
and sulj)hide ; bromine forms hydrogen bromide and SiClgBr, and 
alcohol the compound Si( 002115 ) 3811 . 

SiUcothio^'urea, SiS(NH 2 ) 2 . — This compound is formed by the action 
of ammonia on silicon thiobromidc by a reaction analogous to that 
by which the corresponding carbon compound is formed : 

SiSBra + 4NII3 = SiS(NH2)2 + 2NIl4Br. 

Silico-urca is not known, for no simple silicon oxyhalidc, SiOX 2 , exists 
from which it could be prepared. 

Silicothio-urca differs from its carbon analogue in being decomposed 
by water ; hence the reaction for its preparation is carried out in 
anhydrous solution, as follows : Silicon thiobromidc is dissolved in 
benzene, and dry ammonia is passed into the solution at low temperature, 
when silicothio-urca separates, together with ammonium bromide. 
Liquid ammonia is employed to dissolve the latter, and the silicothio- 
urca then remains as a wdiitc powder, which slowly decomposes at 
atmospheric temperature, evolving ammonia and hydrogen sulphide.* 

^ Blix and Wirbelauer, Ber., 1903, 36, 4220. 

« Blix, Ber., 1903, 36, 4218. 

® Pierre, Ann. Chim. Phya., 1848, [iii], 24, 286. 

* Friedel and Ladenburg, Ann. Chim. Phya., 1872, [iv], 27, 416. 
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Water hydrolyses this compound into silicic acid, ammonia, and hydrogen 
siilphid(\ It possesses feebly basic properties, and forms salts with 
the halogen hydraeids. 

SILICON AND SELKNIIJM 

Silicon Selenide, SiScg, formed by the action of liydrogen selenide 
gas on crystalline silicon at a red heat,^ is a hard, metallic-looking solid 
with a penetrating smell, which is decomposed by w\ater into silicic 
acid and hydrogen selenide. 

SILICON AND NITROGEN 

The comj)oimds which contain carbon atoms linked with those of 
nitrogen are exceedingly numerous and important, and the extent of 
the resemblance between carbon and silicon may be partly judged by 
a comparison of the nitrogenous silicon compounds with those of carbon. 
Very few nitrogt'uous compounds of silicon exist, however ; and those 
that arc known show little relationship with corresponding carbon 
compounds. 

Reynolds 2 nevcTtheless has drawn attention to the following 
reactions of orthosilicic anilide which are aixalogous to those of the 
corresponding carbon compound : 

/NIICeHg .NCeHs ^NlRe^lr, 

Si(NIICeH5)4 ^ Si( ~-™>SiO 

\nIIC,H, ^NCeH^ ^^NHCell^. 

The following are the inorganic compounds which contaiii linkages 
of silicon and nitrogen atoms ; 

Silicon tetramide • . Si(NH2)4 

Silicon di-imide . . . Si(NH)2 

Silicon nitrimide, or silicam . SigN.^H 
Siliconitrogen hydride . . HSi^N 

Silicon nitride . . , Si3N4(SiN,Si2N3). 

There exist also silicon carbonitride, SigCgN, and silicothio-urea 
SiS(NH2)2, previously noticed. 

Silicon Tetramide^ Si(NH2)4, is prepared by the general method for 
preparing amides, that is, by the interaction of the acid chloride and 
ammonia. Thus when silicon tetrachloride and ammonia interact in 
benzene solution ® below 0° C., or when liquid ammonia, and the tetra- 
chloride are mixed together ^ below 0° C., a white solid is formed which 
is a mixture of the tetramide and the necessary by-product, ammonium 
chloride : 

SiCl4 + 8NH3 = Si(NH2)4 + NH4CI. 

From this mixture liquid ammonia dissolves ammonium chloride, 
leaving silicon tetramide as an unstable, amorphous white substance 
which above 0° C. loses ammonia, passing into the di-imide. Water 
decomposes the tetramide into silicic acid and ammonia. 

^ Sabatier, Compt. rend,, 1891, Z13, 132. 

• Reynolds, Tram. Chem, 80 c., 1889, 55, 474 ; 1900, 77, 836 ; 1905, 87, 1870. 

. • Lengfield, Amer. Chem, J., 1899, 21, 631. 

* Vigouroux and Hiigot, Compt, rend., 1903, 136, 1670. 
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Silicon Di-*imide» Si(NH) 2 , is formed from the tctramide by loss of 
ammonia ^ : 

Si(NH2)4 = Si(NII)2 + 2NH3, 

which eojnmences above 0 ° C. and is complete at 120^ C. It is also 
produced by the action of liquid ammonia on silicon disulphide or thio- 
chloride, and may be isolated from tlie product of tlie action of gaseous 
ammonia on silicon tetrachloride*. 

Silicon di-imide is a white, infusible, amorphous powder, stable 
towards moderate heat in absence of air ; it is basic, forming the white 
hydrochloride Si(NH) 2 * 2 lICL Water hydrolyses it to silicic acid and 
ammonia. 

Silicon Nitrimide {Silicam), SigNall. — Although silicon di-imide 
can be heated gently in an inert atmosphere without decomposition, it 
loses ammonia when heated in nitrogen to 900° C., yielding the nitrimide, 
a substance of unknown constitution, thus ^ : 

2Si(NH)2 = Si 2 N 3 lI + NII 3 . 

The product is an amorphous powder, stable* towards water. When 
it is heated to 1200°-1300° C. it loses thci hydrogen remaining in it as 
ammonia, and leaves a residue of nitride, thus : 


3Si2N3H = 2Si3N4 + NH3. 


Making certain assumptions as to the constitution of the nitrimide 
and nitride, this change may be represented tentatively as follows : 


Ne~Si--NIl~Si--^N 
N^Si— NH— Si::^N — 
N^Si— NH— Si=N 

Nitrimide. 

N-~Si-^NW~Si=N— 

N-:-:Si— N=-Si=N— + Nllg 
N-.-Si Si--N 


Ni--Si— N=Si=-N— 

N- -Si— N=Si=-N~- + 3H 

N^Si— N=Si=N— 


N-._: Si— N==Si==N— Si-^N 
N=^-Si— N=Si=N— Si=^N 


+ NH3 


Nitride. 


Siliconitrogen Hydride, SiNH. — ^This compound, which is the silicon 
analogue of hydrocyanic acid, is formed by the action of ammonia on 
silicochloroform vapour ^ : 

SiHClg + 4 NH 3 - SiNH + 3 NH 4 CL 


The gases are diluted with hydrogen and cooled to prevent a too 
vigorous reaction, and moisture and air are rigorously excluded to 
prevent hydrolysis or oxidation of the product. Ammonium chloride 
is removed from the mixture by means of liquid ammonia, but the 
hydride has not been obtained pure. 

Siliconitrogen hydride is a white powder which sublimes with 
decomposition at 300° C. under reduced pressure. It reacts with water 
and alkalis, producing silicic acid or a silicate, ammonia and hydrogen : 

SiNH -f SHgO = HjSiOa + NH 3 + H^ ; 

^ Vigouroux and Hugot, Compt. rend., 1903, 136, 1670. 

* Gattermann, Ber., 1889, 22, 94 ; Blix and Wirbelauer, Ber., 1903, 36, 4220. 

* Blix and Wirbelauer, ibid. 

* Ruff an<l Albert, Ber., 1906, 38, 2222. 
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it is consequently a strong reducing agent, and in this respect resemble s 
silicoformic anhydride. Dry Iiydrogen chloride gas rege nerates silieo- 
chloroform, thus : 

SiNII + 4HC1 - SiHCl,, + NH 4 CL 

Evidently siliconitrogen hydride does not resc‘inble hydrogen cyanide. 

Silicon Nitrides.— Several nitrides of silicon appear to (‘xist as 
white amorphous substances. They are : 

SiN, density 3-17, 

Si 2 N 3 , „ 3*()4, insoluble in HF, 

Si 3 N 4 , „ 3-44, soluble in HF, forming (NH 4 ) 2 SiF(j, 

and ar(i produced together when silieon is strongly heated in nitrogen.^ 
When silicon is heated in a crucible packed round with carbon, access 
of oxygen is almost prevented, ^ and Si 3 N 4 is formed together with 
the carbonitride SigCgN (or SiaCgN), the carbide SiC and the carboxide 
SiCO. 

According to Martignon,^the nitride SigN^ is formed when a mixture 
of silica and carbon is heated in a current of nitrogen at 1400-1500° C., 
according to the equation : 

SSiOg + GC + 2 N 2 Si 3 N 4 + 6 CO. 

From tlu.'oretical considerations the heat of formation of this nitride 
is calculated to be 150,300 calorics. 

SILICON AND CARBON 

Silicon and carbon combine together at high temperature to form 
two compounds, SiC and SiCg, the former of which is known in the 
cr^'^stalline and amorphous states. 

The amorphous monocarbide, SiC, is prepared ^ by heating to a red 
luat in a bone-black crucible, surrounded with soot, a finely divided 
mixture of 1 part of crystallised silicon and 2 parts of silica. The 
product, which is green, is freed from the accompanying silica by mc'ans 
of hydrofluoric acid. A similar product is prepared commercially as a 
fireproof material called “ Silundum.” 

Crystalline Silicon Monocarbide {Carborundum), SiC. — The discovc*ry 
of this important substance ^ by Acheson in 1891 was an outcome of 
the experiments of Moissan on the electric furnace. It may be prepared 
by fusing silicon with carbon,® or silica witli calcium carbide,’ in an 
electric furnace, or by the combination of (larbon and silicon vapours 
produced therein. It is manufactured, however, by heating together 
in an electric furnace, built of firebrick and provided with carbon 
terminals, a mixture of coke, silica, salt, and sawdust. The water- 
power of Niagara furnishes the energy. The reactions are : 

SiOg + 2 C == Si + 2 CO ; Si + C = SiC. 

^ Weiss and Engclhardt, Zeit,Hch, anorg, Chem., 1909, 65, 38. 

2 Doville and Wohler, Anvrtlen, 1850, iio, 248. 

* Martignon, Bull. Soc. chim,, 1913, [iv], 13, 791. 

* Sohiitzenberger, Oompt. rend., 1892, 114, 1089. 

® For an account of the manufacture and properties of carborundum, see Kohn, J.Soc. 
Okem. Ind., 1897, 16, 863. 

« Moissan, Compt. rmd., 1893, 117, 426. 

’ Moissan, Compt, rend,, 1897, 124, 839. 
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The salt acts as a flux till it is volatilised, and the sawdust yields gaseous 

decomposition products which keep the mass porous. When the 

furnace is opened the carborundum is found surrounded with a zone 

of the l(‘ss valuable amorphous monocarbide, formed at a lower 

temperature'. 

Carborundum crystallises in hexagonal plates of density 8*12. The 
crystals arc lustrous, iridescent, and often translucent, and of a cohair 
varying from sapphire blue to greenish brown. The hardness of this sub- 
stance approaches that of diamond, being 9*5 on Moh’s scale ; so that it will 
scratch rubj". The heats of formation and combustion are respectively 

Si (cryst.) + C (amorph.) = SiC + 2000 calories 
SiC + 2 O 2 - SiOg -t' LO 2 + 238,800 calories. 

Carborundum is practically unaltered by ignition at 1000° C. in air 
or oxygen. Neither hydrochloric nor sulphuric acid, nor even a mixture 
of hydrofluoric and nitric acids, attacks this substance ; sulphur and 
fused nitre are without action u[K)n it ; chlorine decomposes it, slightly 
at 000° ('., completely at 1200° C. ; fused lead chromate oxidises it, 
and fused caustic alkali converts it into carbonate and silicate. Carbo- 
rundum is used, on account of its excessive hardness, as an abrading, 
cutting, and polisliing agent. It is employed in the iron and steel 
and other metal industries, and for smoothing pottery and polishing 
granite and glass. It is thus a substitute for emery. 

SiUcon Dicarbide, SiC 2 , was obtained by Colson ^ by passing ethylene, 
or hydrogen saturated with benzene vapour, over silicon heated to 
whiteness in a porcelain tube. 

Silicon Carboxide.—The compound (SiCO)a; is formed when silicon 
is heated to whiteness in an atmosphere of carbon dioxide : 

3Si + 2 CO 2 = Si02 + 2SiCO. 

After the removal of silica with hydrofluoric acid the carboxide remains 
as a greenish white powder, which is stable towards alkalis. 

A product called Siloxicon has been prepared by Colson, ^ and is 
manufactured by the Acheson Company at Niagara, by heating a 
mixture of sand, powxlcred coke, and sawdust in the electric furnace 
to a temperature not exceeding 2800° C, The reaction is approximately 

2Si02 + 5C == SigCgO + SCO, 

but the product is a mixture, and may contain other bodies besides 
SigCgO, e,g> C^Si^O, if the proportion of carbon to silica is varied. 
Siloxicon is refractory, and greyish green when cold, but light yellow 
above 300° F. ; its density is 2*73, and it binds when ground with 
water and fired. ^ 

SILICON AND BORON 

Two borides of silicon are know^n : SiBg and SiB^.* They arc formed 
together when boron is heated with excess of crystallised silicon in an 
electric furmiee. Uncombined silicon is removed from the cooled mass 

^ Colson, Co^npU rend., 1882, 94, 1316, 1526. 

* Sohiitzonberger and Colson, Compt. rend,, 1881, 92, 1508 ; 1892, 114, 1087 ; Colson, 
JJulL Soc. chim,, 1882, [ii], 38, 50. 

* See J, JSoc, Gkem, Ind,, 1903, 22, 743. 

* Moissj^n and Stock, Compt, rend*, 1900, 131, 139 ; ffer., 1900, 33, 2126, 
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by treatment with a cold mixture of nitric and hydrofluoric acids, and 
the crystals are further purified by heating them with moist potash for 
half an hour, washing with nitric acid and hot water, and drying at 
130° C. 

Each compound may be separated from the mixture by suitable 
treatment. Boiling nitric acid oxidises the hexaboride, leaving the 
triboridc in black, rhombic plates, of density 2*52 ; whilst fused an- 
hydrous potash dccomj)oses th(i triboridc and leaves the hexaboride in 
blackj opaque crystals of density 2*47, which are intermediate in hardness 
between ruby and diamond. 

Both borides are good conductors of ( lectricity ; fluorine acts 
vigorously upon them, and chlorine at a red heat ; they are stable when 
heated in the air, but must not be heated in platinum, with which 
the silicon would combine ; concentrated sulphuric acid attacks them 
slowly at 330° C. 

DETECTION AND ESTIMATION OF SILICON 

The silicon present in a compound of this element is invariably 
detected and estimated in the form of silica, which is identified by the 
microcosmic or sodium carbonate bead test. In the former test the 
silica floats unoombined with the sodium metaphosphate in the clear 
bead of this substance formed by fusing microeosrnic sjilt ; in the latter 
test silica, by forming a glass, renders transparent the otherwise crystal- 
line and opaque bead of sodium carbonate. The silica may be obtained, 
sometimes by hydrolysing the compound with water, by fusing it with 
a mixture of sodium and potassium carbonates and decomposing the 
resulting silicates with hydrochloric acid, or else by heating it with 
concentrated sulphuric acid. This latter method is useful for estimating 
the silicon in an organic compound ; the acid burns up all the carbon 
and leaves a residue of pure silica. 



CHAPTER IV 

TITANIUM AND ITS COMPOUNDS 

TITANIUM 

Symbol, Ti. Atomic weight, 48*1 (O = lO) 

Occurrence* — Titanium occurs in the crust of the earth in the form 
of its dioxide, TiOg, which, like silica, is either in the free state or 
combined with metallic oxides, forming titanates. 

Impure titanium dioxide is found in three distinct crystallinci 
forms as rutile^ brookite^ and anatase ; ilmenite or titanic iron ore 
is FeTiOg ; and b(‘sides these there are perofskite, (Ca,Fe")Ti 03 , 
tiianite or spheiie, CaTiSiOg, schorlomite, Ca(Ti,Fe)Si 05 , and knlhanite, 
CaY(Ti,Al,Fe)Si 05 . 

Titanium is also widely diffused through many other minerals 
and rocks. Some iron ores contain this element, which aj)pears in 
the blast-furnace, after the smelting of these ores, as the cyano-nitride. 
Titanium is also found in basalt, trap, mica, and otluT igneous rocks, 
in sand, clays, soils, and mineral waters. Ninety soils, collected from 
different parts of the world, contained an average of 0*57 per cc^nt. 
TiOg.^ Igneous rocks contain an average of 0*74 per cent, of TiOg, 
shales 0*65 per cent., sandstones 0*25 per cent., limestones 0*06 per cent., 
the whole lithosphere containing 0*73 per cent, of this oxide ; whilst 
the element titanium follows oxygen, silicon, aluminium, iron, calcium, 
sodium, magnesium, j^otassium, hydrogen in nlative abundance in 
the crust of the earth, and is followed by chlorine, carbon, phosphorus, 
sulphur, etc.* The wide diffusion of titanium in the soil accounts for 
its passing into the tissues of plants and animals. The ashes of all 
plants contain it ; in the ash of oak, e.g.. Wait * found 0*31 per cent. 
TiOg ; also it is present in the flesh and bone of animals, including 
man ; and Baskerville ^ found ox bone to contain 0*0195 per cent. 
TiOg. Titanium has also been detected in some meteorites, in the 
sun,® and in many stars.® 

History. — In the year 1789 the Rev. William Gregor ’ discovered 
that a mineral, named ilmenite , or menachanite from the part of Cornwall 
in which it occurs, contained a hitherto unknown metal. A few years 
later Klaproth ® discovered titanium in rutile, and showed that this 
was also the element present in ilmenite. Other titanium minerals 

^ lluddington, Chem, News, 1892, 65, 65; 1897, 76, 221. 

* See this series, vol. i, 2nd edition, p. 8. 

* Wait, ./, Arner. Chem. 80c., 1896, 18, 402. 

* Baskerville, J. Amer, Chem, Soc., 1899, 21, 1099. 

^ Cornu, Compt. rend., 1878, 86, 101, 983 ; Lockyer and Baxandall, Proc. Hoy, 80c,, 
1905, 74, 255 ; BosJandros, Compt. rend., 1905, 141, 409. 

® Fowler, Proc, Hoy. 80c,, 1904, 73, A, 219. 

’ Gregor, Crell. Aiinalen, 1791, [i], 40, 103. 

** Klaprotli, Hesearchm (1797), i, 233, 245; ii, 222, 226; iv, 153. 

232 



TITANIUM AND ITS COMPOUNDS 288 

were excamincd by Larnpadins,^ Lowitz,® and Vaiiquclin ^ ; but Rose ^ 
first obtained pure titanium dioxide in 1821. Early attempts were 
made to prepare metallic titanium by reducing tlie oxide with carbon ; 
and the product was mistaken for the element on account of its metallic 
appearance until Wohler, in 1849, proved it to be titanium cyano- 
nitride. So difficult is the preparation of nu^tallic titanium that it is 
d()ut)tful if the clement has even yet been obtained in the jmre state. 

Preparation of Metallic Titanium. — Titanium has been prc‘]3arcd in 
a more or less pure form in many different ways. The rnetliods employed 
have included (i) the reduction of halogen compounds by metals or 
hydrogen, (ii) the reduction of titanium dioxide by carbon, silicon, or 
metals, (hi) the electrolysis of the oxide or other coinjiound. 

Berzelius ^ a^nd Wohler® reduced potassium titani-liuoridc', K 2 TiF,^, 
by heating it with sodium or potassium after the manner of the prepara- 
tion of silicon : 

K^TiFe + 4K = GKF |- Ti ; 

whilst Wohler and Deville ’ passed tlu; vapour of sodium in a stream 
of hydrogen over the heated titani-lluoride. 

ih)elnien ® reduced titanium tetrachloride, Tif’^, with hydrogen, 
whilst Deville ® was the first to reduce this comj)ound with sodium, 
a reaction which Nilson and Pettersson^® subseqiu^ntly carried out in a 
wrought-iron bomb, and so obtained a product containing 94 per cent, 
titanium. 

Titanium was obtained by Stabler and Bachran by the ignition of 
the dichloride in a current of hydrogen at 1100° C. 

2TiCl2:^TiC]4 +Ti. 

Wlien titanium dioxide is reduced with sodium only the lower oxidcj 
results, if magnesium is employed the lower oxide is mixed with hydride,^^ 
whilst aluminium, employed as in the Goldschmidt reaction, yields 
only an alloy. 

When titanium dioxide is reduced with silicon the product always 
contains this clement ; and reduction with carbon always yields a 
product containing, besides carbon, nitrogen absorbed from the air. 
Moissan^^has employc^d this reaction in the electric furnace, however, 
and has obtained a iK^arly pure form of titanium by the following method : 
Artificial titanic oxide is intimately mixed with carbon, then dried 
and compressed in a cylindrical carbon crucible, which is heated in 
the electric furnace above the decomposition temperature of the nitride. 
Fused titanium is thus obtained, above a yellow layer of nitride, below 

^ Lampadius, (JreU. Anrwilen, 1796, |i], 269. 

2 Lowitz, Crdl. Annalen, 1799, fi], 183. 

* Vauquelin, J. Physique, 66, 345. 

* Rose, Gilb. Anmden^ 1821, 73, 67, 129. 

® Berzelius, Ann. Physik, 1825, 4, 3. 

® Wohler, Annalen, 1849, 73, 34; 1849, 74, 212 f Jahresber., 1849, 266. 

’ Wohler and Deville, Annalen, 1857, 103, 230. 

® Kbelmen, J. prakt. Chem., 1846, 42, 70. 

® Deville, Compt. rend., 1866, 40, 1034. 

Nilson and Pettersson, Zeit. physikal Chem., 1887, i, 28 ; see also Hunter, J. Amu . 
Chem. Soc., 1910, 32, 330 ; and Weiss and Kaiser, Zeitsch. anorg. Chem,, 1910, 65, 345. 

“ Stabler and Baohran, Ber., 1911, 44, 2906. 

« Winkler, Ber., 1890, 23, 2661. 

^ Stavenhagen and Schuohard, Ber., 1902, 35, 909. 

Moiasan, Compt. rend., 1896, X20, 290. 



234 CARBON AND ITS ALLIES 

which is the crystallitie oxide* The titanium still contains a variable 
proportion of carbon, which is removed by heating it again as before 
with more oxide*. Thus the metal is obtaiticd free from silicon and 
nitrogen, but containing about 2 per c(‘nt. of carbon. Finally, the 
metal may be distilled in the electric furnace at a temperature of 
about 3500'^ C. under atmospheric pressure and condensed in minute 
crystals.^ Wedekind has obtained titanium in a high stat(? of purity 
by heating titanic oxide with calcium shavings in an evacuated iron 
vessel.^ 

Borchers and Huppertz have prepared titanium by the reduction 
of its oxide by electrolytic calcium, the oxide being melted in a bath of 
fused calcium chloride undergoing electrolysis ; and it is claimed that 
the ])roduct is quite free from nitrogen and carbon.® Kiniigsbergcr and 
Schilling ^ have prepared titanium containing only a trace of iron and 
silicon by the electrol 3 ^sis of rutile with carbon electrodes. 

Physical Properties. — The impure titanium prepared by Berzelius 
and Wohler was a grey powder ; the almost pure metal obtained in 
fused masses by Moissan’s method is brittle, breaking with a white 
fracture, and sufTiciently friable to be powdered in an agate mortar. 
It is nevertheless hard enough to scratch quartz and steel. Crystalline 
titanium is isomorj)hous with zirconium and silicon ; Moissan’s metal 
has a density of 4*87.® The specific heat of titanium is variable, and 
the atomic heat of the impure metal examined by Nilson and Pettersson * 
exceeded 6*4 at high tcmperaturcjs, as the following figures show : 


Temperature lnt(‘.rval. 

Specific Heat. 

Atomic Heat. 

® C. 



0 to 100 

0*1125 

5*40 

0 „ 211 

0*1288 

6*18 

0 „ 301*5 

0*1485 

7*13 

0 „ 440 

0*1620 

7.77 


The melting-point of titanium is given as 1795® C.^ The spark 
spectra obtainable from solutions of titanium comj^ounds have been 
studied by Pollok ® ; and the long-waved portion of the spectrum 
has been mapped by Fiebig.® 

The most intense lines in the spectrum of titanium arc as follow : 

Arc : 3948*87, 3989-94, 3998*80, 4306*09, 4533*40, 4536*16, 4981*93, 
4991*24, 4999-68, 5007*35, 5014*39, 5193-12, 5210*59. 

^ Moissan, Commit, rend,^ 1906, 142 , 673. 

® Wedekind, Ajiimlen, 1913, 395 , 149. 

* Huppertz, Metallurgies 1904, 362 et seq, 

* Konigsberger and Schilling, PkysikaL Zeitsch.s 1908, 9 , 347. 

^ See also Weiss and Kaiser, Zeitsch, anorg. Chrrn., 1910, 65 , 345; and Hunter, 
J. Amer, Ohem. 80c., 1910, 32 , 330. 

® Nilson and Pettersson, Zeitsch. phydkal Chem.s 1887, i, 28. 

^ Hurgess and Waltcnberg, J, Washington Acad, 8ci., 1913, 3 , 371 ,* Zeitsch. anorg. 
Cherrus 1913, 88 , 861. 

® Pollok, Set. Proc. Roy. Dubl. 80c., 1909, ii, 331. 

* Fiebig, Zeitsch. loiss. Photochem., 1910, 8, 73. 

Exner and Hasohok, Die 8pektren der Elemente hei normalem Druck (T..eipzig and 
Wein, 19U). 
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Spark: 251G-10, 3861-40,* 8872-92,* 3883-87, 3505-10, 3510-99, 
3685-37,* 3759-46,* 3900-81, 3913*72, 4163-90, 4395*20, 4549-90, 
4572-27. 

The four lines asterisked, toEfcthcr with 3761-5 and 3349-2, constitute 
the most pensisienf, i,e. the xdtimatc spark lines of titanium.^ 

Chemical Properties. — Titanium is stable in the air, very little oxida- 
tion taking ]dace even at 100^-120° C. ; but it burns brilliantly in oxygon 
at 610° C., forming titanic oxide, and in nitrog(*n at 800° C., producing 
the nitride TiN. This is the only known case of vigorous combustion 
in nitrogen gas. By combustion in air a mixture of oxide and nitride 
results ; nitride is also formed when the metal is heated in ammonia 
gas. The heat of combustion of the metal is 24,432 calorics per equiva- 
lent. ^ Chlorine combines with titanium at 350° C., forming the tetra- 
chloride TiCl 4 ; bromine forms the tetrabromide TiBr 4 , at 360° C., 
iodiiu! forms the corresponding iodide Til 4 , at a still higher temperature. 
Carbon, silicon, and boron combine with molten titanium in the electric 
furiiacjc ; the crystallised borides and silicides are as hard as diamond. 
Alloys of titanium with copper, tin, iron, aluminium, chromium, cobalt, 
molybdenum, and iungsten are known. Pyro])horic titanium deeom- 
poscjs steam at 700°-S00° C. Titanium dissolves slowly in cold, dilute 
sulphuric acid, and in hot concentrab d hj^drochloric acid, with evolu- 
tion of hydrogen, and formation, according to Moissan, of violet 
solutions of salts of the sescpii-oxidc. Nitric acid and aqua regia form 
titanic acid. 

“ The Avhole of the properties of titanium bring it clearly near to 
the metalloids and more especially to silicon ” (Moissan ^). 

ATOMIC WEIGHT OF TITANIUM 

The earliest accc])t.ed values for the atomic weight of titanium were 
inaccurate on account of imperfect analytical methods. Thus Dalton, 
in 1808, gave the value Ti = 40 (O —7), whilst Berzelius in 1813 sug- 
gested the number 1801-0 (0 = 100) or 288-16 (0=16). That the 
atomic w^eight of titanium must be of the order of 48 is evident from the 
following considerations : 

(1) The specific heat of the metal between 0° C. and 440° C. ranges 
from 0-112 to 0-162. Assuming a mean atomic heat of 6*4, according 
to the law of Dulong and Petit, ^ the atomic weight of titanium must lie 
between 57 and 40. 

(2) Rutik^ is isomorphous with cassiterite (SnOg) ; and fluotitanatcs 
are isomorphous with fiuosilicates, Mg'SiFg, fluozirconates, Mg'ZrFg, 
and fluostannates, Mg'SuF^. From Mitscherlich’s Law of Isomorphism ® 
it follows that the formula for rutile is TiOg, whilst the general formula 
for fluotitanatcs is Mg'TiF^. Now analysis shows that each of those 
gram-molecules contains approximately 48 grams of titanium. This latter 
weight, therefore, is approximately the atomic weight of the clement. 

(3) There is a space in the fourth group of the Periodic Table (sec 
Frontispiece) for an eknnent of atomic weight lying between 44 and 51 . 

’ Pollok, Set. Proc, Moy. Vubl. Soc., 1909, ii, 331. 

* Weiss and Kaiser, Zeitsch, anorg, Ckem,, 1910, 65 , 345. 

* Moissan, The Slectric Furnace, Eng, edn. (Arnold, 1904), p. 181. 

* See this series, vol. i, p. 94. 
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The chemical and physical properties of titanium indicate that this is 
the element required satisfactorily to fill the gap. Judging by compari- 
son of the differences bcjtwcen the atomic weights of other adjacent 
clein(M\ts in the tal)le, the atomic weight of titanium should approximate 
to 48. 

The‘ analytical investigations on which the atomic weight of titanium 
is based fall into two categories : (i) the work of lierzelius, If. Rose/ 
Mosander,^ Pierre,^ and Demoly ^ from 1818 to 1849 ; (ii) the work of 
Thorpe, 5 1888-1885. 

Except for the early work of Berzelius, and that of 11. Rose in 1823, 
who j)repared the disulphide TiSg, and converted it into the dioxidci 
TiOg, the processes adopted have consisted in hydrolysing the pure 
tetrachloride or tetrabromide with water or alkali, and estimating the 
titanic oxide and the hydrocliloric or hydrobromic acid produced. 
The titanic oxide was e stimated by Thorpe by decomposing the tetra- 
halide with wat(*r in a platinum or porcelain dish, accoriling to the 
reaction 

TiX4 -f SHgO IlgTiOg + 4HX, 

evaporating with ammonia, and then igniting and weighing the residue. 
The halogen hydracid was estimated by hydrolysing the titanium halide, 
allowing the solution to stand until it was clear, then eitlicr precipitating 
nearly all the halogen with a known weight of pure silver dissolved in 
nitric acid, and finishing the estimation by titrating with ecntinormal 
silver solution, or by adding excess of silver solution and weighing the 
silver halide precipitated. 

The results of Thor|)e alone are accepted in computing the atomic 
weight of titanium. They arc as follows : 


Ratio. 

Atomic Weight of 
Titanium.® 

TiCli : 4Ag = 0-43997 : 1 

48*08 

TiCl4 : 4AsCl - 0-33119 : 1 

48*00 

Tia4 : Tida = 2-3712 : 1 

48*09 

TiBrj ; 4Ag -= 0-85234 : 1 

48*14 

TiBr 4 : 4AgBr = 0-48905 : 1 

48*16 

TiBr4 : TiO, = 4-5931 : 1 

1 48*06 

Mean value 

48*09 


The mean value adopted by the International Committee on Atomic 
Weights for 1917 is 48 * 1 . 


^ Rose, Gilbert's AnmXen, 182.3, 73 , 141 ; Pogg, AnneUen, 1829, 15 , 145. 

2 Mosander, Pogg. Anmlen, 1830, 19 , 212. 

’ Pierre, Ann. Vhim. Phys., 1847, [Hi], 20 , 257. 

* Demoly, Annalen, 1849, 72 , 213. 

® Thorpe, Trans. Chem. Soc., 1885, 47 , 108. 

« These are not the figures given by Thorpe, but have been recalculated from 
the values of Thorpe's ratios, using the modem atomic values, 0 =» 16 ; 01 » 35*457 ; 
Br « 79*916 and Ag = 107*880. 
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COMPOUNDS OF TITANIUM 

The relation of titanium to other elements of th(^ fourth and other 
groups has been fully discussed in the introductory chapter. It Avill 
be uselul to set forth here the types of com])outi(l formed by tliis (‘lenietd, 
since these art‘ varied, in accordance with tlui fact that titanium n ay 
show bi-, ter- or quadri-vahaicy. 



Ti". 

1 

I Ti'". 

Tiiv. 



TiFg 

TiF,: KjTiF, 

Halides , • 

TiCl, 

TiCUg 

TiBr 3 

TiCb; (NH^l^TiClg, 
TiClgOH ; 

TiCl..(OH)./nCl(OII }3 

“ 

TiBr 4 ;(NH 4 ) 2 TiBr«, 
TiClgBr., ; TiClBrg. 


Tilg 

Til^ 

Til., 

Oxides and hydroxides 

TiO; Ti(OH), ? 

TioOg : 

Ti(OH) 3 ..rH 20 

TiOg: Ti(0H)„ 
TiO(()H) 2 , 
Titanates 

Sulphides . 

TLS 

TigSg 

TiSg 

•Sulphates . 

? 

TigCSOdg ; acid and 
double salts, includ- 
ing an alum 

'J'j(S 04 ) 2 ; basic 

and double salts 

Nitrides 



— 

TiN 

TigN^ 

Superoxide 

TiOsaq., TiOg-.^HoO or Ti(0H)4.H202. 


Per titan ales . 

e.g. (NH4)202.Ti0g.H20g. 



TITANIUM AND FLUORINE 

The Fluorides. — ^Titanium diJiuoride is unknown ; the tri- and tetra- 
fluorides arc well-known substances which give rise to corresponding 
complex salts. 

Titanium Trifluoride, TiFg. — ^Wheii titanium is dissolved in hydro- 
fluoric acid the tetrafluoride alone results, but the trifluoridc is formed 
as an insoluble violet powder when potassium titanifluoridc, KgTiF^, is 
ignited in a current of hydrogen,^ or when the same substance is reduced 
in solution with zinc and hydrochloric acid,^ or by sodium amalgam.*^ 
The complex salts (NH4)2TiF6 and (NH4)3TiFg have been obtaineri^; 
and the latter appears to be isomorphous with (Nn4)3CrF«, (NHd-VFg 
and (NH JaFeFe. 

Titanium Tetrafluoride, TiF4. — Impure titanium tetrafluoride is 
formed when magnesium titanifluoridc, MggTiFg,^ or the corresponding 
barium salt, BaTiFg,® is decomposed by strong ignition ; but it is 
best prepared by one of the three following methods : (i) thc‘ action 
of fluorine on titanium, (ii) the action of anhydrous hydrogt^n fluoride 

^ Weber, J, prakt, Chem., 1863, 90 , 212. 

® Rainmelsberg, Sitzungsber. K, Akad, Wise, Berlin, 1874, 490. 

® Von der Pfordten, Annaien, 1886-7, 234 , 257 ; 237 , 201 . 

* Piocini, Chem. Zentr,, 1896, i, 470; Petersen, J. prakt, Chem*, 1889, liij, 40 , 44 . 

® Marignao, Ann, Chim, Phys,, 1860, [iii], 60 , 251, 

* Emich, Monatsh., 1904, 25 , 907. 
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on titanium, (iii) the action of anhydrous hydrogen fluoride on titanium 
tetrachloride at 100°-120° C. ; for, owing to the high volatility of 
hydrogen ehloridc compared with liydrogen fluoride, the reaction^ 

4HF +TiCl4 — .. TiK, f 4irCl 
proceeds in one direction only. 

Titanium tetrafluoride ^ is a colourless mass having a density 
2*798 at 20*5"' C. It boils at 284° C. and at 444° C. has a vapour density 
of 64*5 (theory = 02*05). It is noteworthy that the boiling-point of the 
fluoride is above that of the tetrachloride, TiCl 4 (130° C.) ; this probably 
indicates that the former is polymerised near its boiling-point. This 
difference between the tetrafluoride and tetrachloride is in marked 
contrast with that between the silicon halides, Sih^ and SiCl 4 , and the 
corresponding halides of other non-metals and metalloids, and relates 
titanium to the nujtals rather than the metalloids. The saline nature 
of the fluoride is further shown by the fact that it is hygroscopic, and 
forms a clear solution in water, which deposits the hydrate TiF 4 . 2 n 20 
on evaporation. With alcohol the com[)onnd Til^.CallsOll is formed, 
and with ammonia the compound TiF 4 . 2 NHjj ; but, singularly, it does 
not combine dircictly with hydrogen fluoride, although the salts M 2 TiFg 
are so well known. Roasting with sul])huric acid converts titanium 
tetrafluoride into titanic oxid(‘. 

Hydrofluotitanic Acid and the Titanifluorides. — Hydrofluotitanic 
acid, HgTiFg, is not known in the pure state, but is formed in solution 
when titanic oxide is dissolved in acfueous hydrofluoric acid, the heat 
of solution being : 

[Ti(OH) 4 , OHF, aq.] = 30,900 calories.® 

As a result of this reaction the solution increases in electric conductivity* 
since hydrofluotitanic acid is a much stronger acid than hydrofluoric 
acid. 

Numerous titanifluorides are known which generally correspond 
to the type M'gTiFg and are isomorphous with the silici-, zirconi-, and 
stanni-fluoridcs. 

Titanifluorides differ from silicifluorides in their behaviour when 
heated with conccntratc'd sulphuric acid ; for, owing to the comparative 
non-volatility of titanium tetrafluoride this latter compound is not 
vaporised, as is silicon tetrafluoride from a silicifluoride under similar 
conditions, but the titanium is converted quantitatively into titanic 
oxide. On this account titanium tetrafluoride cannot be prepared 
by heating calcium fluoride and titanic oxide with sulphuric acid. 

The titanifluorides arc formed by the union of their component 
fluorides,^ and, like various other complex salts, are characterised by 
sparing solubility in water. 

Potassium Titanifiuoride, KgTiFg, is obtained crystallised in lustrous 
leaflets when potassium hydrogen fluoride is added to a solution of titanic 
oxide in concentrated hydrofluoric acid, and it may be recrystallised 
from hydrofluoric acid.® The hydrated salt, K2TiFg.H20, separates 

i Buff, Plato, and Graf, Ber., 1904, 37, 673. 

* Buff and Ipsen, Ber*, 1903, 36, 1777. 

* Thomsen, Pogg* AnneUen, 1870, 139, 212. 

* Berzelius, Ann. Physik, 1826, 4, 3 ; Marignac, Ann, Chim, Phya., I860, [iii], 60, 267. 

* Marehetti, Zeitach. amrg. Chem,, 1896, 10, 66. 
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in shining scales when potash is added to an aqueous solution of hydro- 
fluotitaiiic acid. It loses its water at 100® C., and melts at a white heat 
without decomposition. 

The solubility of potassium titanilluoridc* in water is as follows ^ : 

Temperature ® C. . . 0® 3® 6® 10® 14® 20® 

Grams of KgTiFg in 100 

grams llgO . . 0*55 0 07 0*77 0-91 1*04 1*28 

Sodium Titanifluoride, NagTiFg, is prc^j)ared similarly to the potas- 
sium salt, than which it is more soluble in water {cf, K\,PlCJ(;: NagPtC^). 
NagllTiF 8 also is known. Two ammonium salts arc* known : (NIl 4 ) 2 TiF 8 
and (NH 4 ) 3 TiF 7 . Numerous other titanilluorides liave been described, 
including those of all the alkali metals, magnesium, the alkaline earth 
metals, copper, zinc, ferrous iron, nickel, cobalt, manganese, and 
cadmium. 


TITANIUM AND ClILOUINE 

Chlorides. — Titanium forms di-, tri- and tetra-chlorides, and the 
latter compound gives rise to complex and basic salts. 

Titanium Dichloride, TiClg, was lirst ju'epared by Friedel and Guerin,® 
who heated the trichloride to a red he at in a current of hydrogem, tlius 
decomposing it into the tetrachloride, which distilled, and the diehloride, 
which remained behind ; von der Pfordten,^ however, reduced the cold 
tetrachloride with sodium amalgam or hydrogen sul])hidc, and distilled 
off the unchanged tetrachloride in a curnait of carbon dioxide. Stabler 
and Bachran ® have obtained the diehloride nearly pure* by heating the 
trichloride at 660°-70()® C. in an atmosphere of hydrogen : 

2TiCl3“- TiCl2-f TiCl^. 

The diehloride remains after the volatilisation of the tetrachloride as a 
deep black powder which begins to sublime at 300® C. in a vacuum. 

The properties of the diehloride have been variously described. 
According to Friedel and Guerin it is a brown powder which decomposes 
water and alcohol, evolving hydrogen and forming a yellow solution ; 
while, according to von dcr Pfordten, it dissolves unchanged in these 
solvents, forming yellow solutions which gradually oxidise in the air. 
It is insoluble in non-hydroxylic solvents — a fact which suggt^sts its 
saline character ; it burns in the air, evolving titanium tetrachloride 
vapour and forming titanic oxide ; it combines with bromine to form 
a chlorobromid^. A satisfactory test for bivalent titanium is the 
formation of a violet colour, due to TiClg, when it is mixed with a 
hydrochloric acid solution of titanium tetrachloride.® 

Titanium Trichloride, TiClg. — ^Titanium trichloride was lirst obtained 
in the anhydrous state by Ebelmen,® who passed a mixture of the 
vapour of the tetrachloride and hydrogen through a red-hot tube and 
fomd the trichloride deposited in the cold part of the tube. Large 

^ Hari^ao, Ann. Chim. Phys., 1866, [iv], 8, 65. 

* Emitui, Monatah,^ 1904, 25, 907 ; Engelskirchen, Diaaertation^ Techniache Hochachuk, 
Berlint 1903 ; Webter, J, prakt» C/wm., 1864, 90, 212 ; Gossner, Ber,, 1907, 40, 2372. 

* jj^iedel and Guerin, Autl Chim, Phya,, 1876, [v], 7, 24. 

* Von der Pfordten, AnnoZen, 1886, 234, 267 ; 1887, 237, 201. 

* StUhler and Bachi^ Ber., 1911, 44, 2906. 

* Ebelmen, Jahreaber., 1847-8, p. 402. 
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quantities of titanium tricliloridc have been prepared by Goerges and 
Stabler ^ aeeordiiig to this reaction, by the employment of a jiorcelain 
tube heated electrically by means of a wire spiral within it and cooled 
externally by water. The reaction began above COO'' C., at 785° C. 
the percentagi* decomposition was 21*7, at 1200 ° C. it was 04-8. The 
trichloride is also formed when tlui ttdraehloride is heated in a sealed 
tube with reduced silver ^ at 180°~200° C. : 

TiCl, +Ag— TiCl3+AgCl, 

when the same substance is heated with mercury,^ and when electric 
sparks^ are passed through a mixture of the vaporised tetrachloride and 
hydrogen. Titanium trichloride is produced in solution by reducing a 
hydrochloric acid solution of the tetrachloride with zinc, or electro- 
lytically.^ The anhydrous trichloride forms dark violet scak?s which 
arc not volatile, but when heated to 440° C.® decompose into the tetra- 
chloride which is vaporised, and the dichloride which remains bcihind. 
By passing the silent electric discharge through a mixture' of titanium 
tetrachloride vapour and hydrogen, Bock and Moser ^ obtained a brown 
substance, which appearcxl to be a labile, allotropic form of the tri- 
chloride, since it changed into the ordinary form of the l.itter when 
heated in a vacuum to 150°-200° C. The reaction is not reversible, 
the brown and violet trichlorides being monotropic modillcations. 
When the trichloride is heated in air the tetrachloride \'aporises, and 
the residue then consists of the dioxide. The trichloride is deliquescent, 
and forms a reddish violet solution with water, whilst its alcoholic 
solution is green. 

From hydrocliloric acid solution titanium trichloride separates 
in violet (crystals of the hexahydrate TiCls.CHgO ; it is thus obtained 
by the electrolytic reduction ® of the tetrachloride. When a concen- 
trated aqueous solution of the violet hydrate is covered with a layer 
of ether, and saturated with hydrogen chloride while it is kept cool, 
an unstable green hydrated form,® TiClg.CHgO, separates in crystals, 
which are reconverted into the violet form when the excess of hy- 
drogen chloride is washed out with ether. Thus titanium trichloride 
resembles the trichlorides of chromium and vanadium in existing in 
two forms. 

When hydrogen chloride is passed through concentrated aqueous 
solutions of titanium trichloride with the corresponding alkali chlorides, 
the double salts, TiCl 3 . 2 RbCl.H 2 O and TiCl 3 . 2 CsCl.H 2 O, separate.^® 
They are green, but yield violet solutions owing to dissociation into 
their component salts. 

It was observc'd by Ebelmen that titanium trichloride is a powerful 
reducing agent, as shown by its action on salts of copper and iron. The 
capabilities of this compound as a reducing agent have been exhaustively 

^ Goerges and Stabler, Ber,, 1909, 42 , ,3200. 

* Friedel and Guerin, Compt. rend., 1875, 81 , 889 ; 1876, 82 , 609, 972. 

“ Thorpe, Chem. News, 1885, 51 , 260. 

* Einich, Ber., 1895, 28 , 1685. 

® Polidori, Zeitsch. anorg. Chem., 1899, 19 , 306 ; Stilhler, Ber., 1904, 37 , 4405. 

* Goerges and Stabler, loc. cit. 

^ Mosor, Monatsh., 1912, 33 , 1407 ; 1913, 34 , 1825. 

* Spence and Sons, D.R.P,, 154, 54^ 

* Stabler and Wirtbwein, Ber., 1905, 38 , 2619. 

Stabler, Ber., l904, 37 , 4405. 
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studied by Knecht and Hibbert,^ who have devised a number of 
volumetric processes depending on its use. The reagent is prepared by 
dissolving the metal in hydrochloric acid, or by metallic or electrolytic 
reduction of the tetrachloride ; it may now be purchased in 20 per cent, 
aqueous solution. When a dilute aqueous solution of titanium tri- 
chloride, which is violet, is exposed to the air its colour fades, and 
titanic hydroxide is gradually precipitated ; the presence of suilicient 
hydrochloric acid, however, prevents this precipitation. Titanium 
trichloride is a more powerful reducing agent than stannous chloride, 
and the following reductions are effected by this substance r concentrated 
nitric acid, with violent action, to nitrous fumes and ammonia ; dilute 
nitric acid, in presence of hydrochloric acid, to a stage intermediate 
between nitricj and nitrous oxides ; clilorates and perchlorates to 
chlorides ; hydrogen peroxide to water ; persulphates to sulphates ; 
sulphurous acid to hyposulphurous acid (II 2 S 2 O 4 ), which is thus con- 
veniently prepared ; ferric salts to ferrous salts ; cupric salts to cuprous 
salts and copper ; mercuric chloride to miTcurous chloride, only on 
boiling ; chromic and permanganic acids to chromic and manganous 
salts. The use of titanium tricliloridc in qualitative analysis, on account 
of its characteristic reactions, is recommended by Monnier.^ Titanium 
trichloride redacts with a gold solution like stannous chloride, producing 
colloidal gold, analogous to purple of Cassius. This reaction will 
detect one part of gold in twxuity million parts of water.® Many organic 
substances also undergo interesting reductions in presence of titanium 
trichloride. 

For volumetric analysis ^ the commercial solution of titanium 
tricliloride is diluted twenty times and stored under hydrogen. It is 
standardised by means of ferric solution, with which it n acts quanti- 
tatively thus : 

TiClg + FeCla - TiCl^ + FeClg. 

The end of the reaction is showm by sulphocyanide or methylene-blue ® 
solution used as an external indicator. Titanium trichloride solution 
may be employed for estimating not only iron, b\jt also copper, tin, 
chromium, hydrogen peroxide, chlorates, perchlorates, nitrates, hydroxyl- 
amine, hyposulphites (hydrosulphites), and numerous organic com- 
pounds, including dye-stuffs.® 

Titanium Tetrachloride {Titanic Chloride), TiCl 4 . — Titanium and 
chlorine combine when heated together to 350® C., forming titanium 
tetrachloride. In place of the pure metal that containing carbon,’ 
or the carbide,® may be employed. This chloride is also conveniently 
prepared, like non-metallic chlorides, by passing chlorine over a heated 
mixture of titanic oxide and carbon, as well as by leading the vapour of 
carbon tetrachloride or chloroform ® over the heated dioxide. Ferro- 

^ Knecht and Hibbert. New Reduction Mei1t>odif in VoVumeiric Analysis (Longmans, 
1910). 

* Monnior, Ann, Chim, Anal,, 1915, 20, 1. 

® Stabler and Bachran, Ber., 1911, 44, 2906. 

* Knecht and Hibbert, Ber., 1903, 36, 1549. 

* Knecht and Hibbert, Bcr., 1910, 43, 3455. 

® Knecht and Hibbert, New Reduction Methods in Volumetric Analysis (Longmaiifi, 1910). 

» W6hler, Annalen, 1849,73, 34 ; 1850, 74, 212. 

* Moisean, Compi. rend,, 1895, 120, 2^; Stabler, Ber,, 1904, 37, 4405; 1905, 38, 
2619. 

® Rem, Ser,, 1906, 39, 249. 
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titanium may also be used as a source of the tetrachloride.^ Most of 
the iron is first removed by hydrochloric acid, and the residue is heated 
in a porcelain tube through which chlorine is passed. Ferric chloride 
condenses in the cooler parts of the tube, and titanic chloride is obtained 
by further cooling and then fractionated. In another process rutile ^ 
is reduced by aluminium according to the Goldschmidt reaction, and 
the product heated in a current of chlorine ; the crude titanic chloride 
thus obtained needs to be separated by fractional distillation from 
silicon tetrachloride, derived from the silica of the rutile. 

Titanium tetrachloride is a colourless, mobile liquid of density 
1‘7604 at 0° C. and 1-5222 at its boiling-point.^ It boils at 130-4*^ C. 
under 760 min. pressure (Thorpe), its critical temperature ^ is 358^ C., 
at low temperature it forms a solid mass which melts ® at — 23*^ C. 
The vapour density was found by Dumas to bc^ 6*836 (air = 1) or 197-4 
(O = 16), theory requiring 190 in the latter case. 

Titanium tetrachloride has a penetrating smell, and fumes exces- 
sively in moist air. With water it forms a series of oxychlorides : 
TiCliOH, TiCJ 2(011)2, TiCl(01I)3«; with excess of water Ti(OH)4 is 
formed ; nevertheless titanium tetrachloride dissolves in water with 
evolution of considerable heat, the hydrochloric acid formed simulta- 
neously with the titanic hydroxide sufficing to redissolve the voluminous 
precipitate of Ti(OH)4 first formed.’ According to Thomstm ® the 
heat evolvc‘d by the solution of 1 molecule of TiCl4 in 1600 molecules of 
water at 17° C. is 57,870 calories. In its behaviour towards water 
titanium tetrachloride stands between the tetrachlorides of silicon and 
tin* 

Sodium amalgam at ordinary temperature reduces the tetrachloride 
to dichloride, hydrogen at red heat reduces it to the trichloride. 

Titanium Oxychloi’idcs* — In addition to the hydroxyehlorides 
mentioned above, several oxychlorides of titanium have been prepared 
in the dry way ; for example, by the interaction of the tetrachloride 
and the dioxide, and by the action of carbon tetrachloride on TiOg, 
when a yellow, crystalline oxychloride results. Troost and Haute feiiille ^ 
obtained a solid of the composition Ti203Cl2 by passing a mixture of 
oxygen and TiCl4 vapour through a red-hot tube, and Bourion obtained 
a yellow liquid, supposed to be an oxycliloride, by causing chlorine and 
sulphur monochloridc to interact with ignited Ti02. 

Compounds of Titanic Chloride* — ^Titanic chloride forms numerous 
additive compounds, the chief of which are here enumerated : 

Uydrochlorotitanic Acid, HgTiCl^, and its Salts, — Titanic chloride 
dissolves in concentrated hydrochlorie acid, forming a yellow liquid 
which contains hydrochlorotitanic acid, H2TiCl3. Ammonium titani- 
chloride, (NH4)2TiCle.2H20, forms in yellow crystals when the theo- 

• Vigouroux and Arrivant, Bull, Soc. chim,, 1907, [iv], I, 19. 

• Elfis, Chem. News, 1907, 95, 122, 

» Thorpo, Proc. Roy, Soc., 1S76, 24, 283 ; Trans, Chem, Soc., 1880, 37» 141. 

• Guldberg, Ann, Physik. Beibl., 1883, 7» 3^6. 

• Emich, Monatsh., 1904, 25, 907. 

• Konig and von don Hordten, Ber., 1889, 22, 1486. 

^ Kowalewsky, Zeitsch. anorg, Chen,, 1900, 25, 189. 

• Thomsen, Pogg. Annalm, 1870, 139, 212. 

• Troost and Hautc^euille, Compt, rend,, 1871, 73, 663. 

Bourion, Compt, rend,, 1907, 145, 62. 

Kowalewsky, Zeitsch. anorg. Chem., 1900, 25 , 189; Eosenheim and Sohtltte, Zeitsch, 
anorg. Chem,, 1901, 26 , 239. 
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rctical quantity of ammonium chloride is shaken with the hydrochloric 
acid solution of titanium tetrachloride ; pyridine, quinoline, and aniline 
form similar com])lex salts. 

Addition Compounds of Titanium TetracJdoride , — Besides hydro- 
chlorotitanic acid and its salts, titanium forms numerous addition 
products with ammonia and other bases, as wt'll as with various acid 
chlorides. 

With ammonia there are the compounds TiCL.SNHoandTiCL.ONIIo. 
and perhaps TiCl4.4NH3.i ^ 

The compound TiCl4.8NH3 is formed as a yellow powder ^ when dry 
ammonia reacts with titanium tetrachloride suspended in dry ether, 
and also when the tetrachloride is shak(*n for twelve hours with liquicl 
ammonia. It is unstable, readily giving up ammonia. The compound 
TiCl4.6NIl3 results when gaseous ammonia reacts with the tetrachlorides 
vapour ; it is an amorphous, dark yellow })owder which in presence of 
a little moisture is readily hydrolysed, yielding titanic acid, ammonium 
chloride, and ammonia. Liquid ammonia re acts with either of these 
compounds, yielding dark yc'llow^ titanamide, Ti(NH2)4, and ammonium 
chloride. 

A pyridine compound,^ TiCl4.6C5ll5N, exists, analogous to the 
ammonia compound of similar composition ; and compounds with 
acid chlorides, such as TiCl4.POCl3, TiCl4.2POCl3, TiCl,,FL\, 
as Avell as additive compounds with numerous types of organic com- 
pounds, are known. 

Organic substitution i)roducts of titanium tetrachloride have been 
prepared by Dilthey ^ and his collaborators. For example, acetyl- 
methylacetone forms the compound [Ti(OCMe : CMeAc)3C1]2.TiCl4 or 
[Ti(OCMe : CMeAc)3]2TiCl3. Such compounds are called titanonium 
salts ; and there exist corresponding siliconium and boronium com- 
pounds. 

BROMIDES OF TITANIUM 

Titanium dibromide is unknown, but the tri- and tetra-bromidc 
exist. 

Titanium Tribromide Hexabydrate, TiBrg.GHgO, separates in violet 
crystals when a solution of the tetrabromide is reduced cleetrolytically, 
and the solution is then saturated with hydrogen bromide.® It is 
less stable than the corresponding chloride, and deliquesces in the air, 
forming a brown, fuming liquid. 

Titanium Tetrabromide Bromide)^ TiBr4, is said to be formed 

when bromine vapour is passed over a red-hot mixture of titanic oxide 
and carbon,® but is prepared by the action of gaseous hydrogen bromide 
on the heated chloride.*^ It is an amber-coloured hygroscopic, crystalline 
substance of density 2*6 ; it melts at 39 ° C. and boils at 230 ° €.®; with 
ammonia it forms TiBr4.8NH3,® and it is hydrolysed by water, forming 

1 Rosenheim and Sohiitte, Zeitsch, anorg, Chem^t 1901, 26 , 239. 

* Stabler and Wirthwein, jBer., 1906, 38 , 2619. 

® Rosenheim and Sohiitte, ibid. 

* Dilthey, AnnahUy 1906, 344 , 300. 

» Stabler, B&r.y 1904, 37 , 4405. 

< Duppa, J. prakt. Chem.y 1838, 13 , 468; 1839, x 6 , 345. 

’ Thorpe, Trans. Ohem. 80 c., 1886, 47 , 126. 

* Duppa, Proe. Roy. Soc.y 1^7, 8 , 42. 

* Ruff and Treidel, Ber., 1912, 4 $, 1364. 
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oxy bromides, of which two have been described,^ TiBrgOH and 

2TiBr(OII)3.3H20, a stable, crystalline powder. 

Hydrobromotitanic Acid, H 2 TiBrg. — The solution of titanium 
tetrabromide in water, alcohol, or ether is bright yellow, but in hydro- 
bromic acid it is blood-rc,‘d. The latter solution, therefore, contains a 
comph?x anion ^ which is probably (TiBr^)", to which there corre- 
spond the ammonium salt (NH 4 ) 2 TiBr 6 . 2 ll 20 and the pyridine salt 
(CgH 5 N) 2 .Tl 2 TiBrg, both of whieh consist of dark red crystals. 

Titanium Chlorobromides* — ^Two chlorobromides of titanium® — 
TiCl 2 Br 2 , boiling at 176"* C., and TiClBrg, boiling at 154° C. — are said 
to have been obtained by the action of bromine on the di- and tri- 
chloride r(^spectively, but whether they are single substances or mixtures 
is not yet certain. 

IODIDES OF TITANIUM 

The three iodides Tilg, Tilg, Til^ are known. 

Titanium Di«»iodide, Tilg, has been prepared by Defacqz and Copaux * 
by heating the tetra-iodidc in mercury vapour conveyed in a current 
of hydrogen. It forms black, hygroscopic leaflets which are non- 
volatile and infusible and have a dtmsity of 4-3. It is insoluble in 
organic solvents, but decomposed by water and aqueous alkalis ; 
boiling hydrochloric acid dissolves it, forming a blue liquid ; aqueous 
ammonia forms the black hydroxidt* ; heating in oxygen yields titanic 
oxide and iodine. 

Titanium Tri*«iodide has been obtained in the form of the hexa- 
hydrate Tilg.OIIgO by the electrolytic reduction of titanium tetra- 
iodide. Til 4 . It forms a very unstable, violet, crystalline mass. 

Tit anium Teti’a«'iodide {Titanic Iodide)^ Til 4 , is obtained when iodine 
vapour is passed over heated titanium,^ when hydrogen iodide is passed 
into titanium tetrachloride while the latter is gradually raised to its 
boiling-point, and by the action of iodine vapour and hydrogen on 
titanium tetrachloride at a dull red heat.® Titanic iodide forms a 
reddish brown, brittle, metallic-looking mass which melts at 150° C., 
and then crystallises in large octahedra. It boils at 360° C., forming an 
orange vapour, and distils unchanged. Its vapour density at 440° C. 
is 18*054 (air ==-*1) or 260 (H = 1), indicating a molecular weight of 
520, theory requiring 556. It fumes in the air, is combustible, and 
dissolves in wabT, forming a solution whence titanic acid soon separates 
by hydrolysis. Titanic acid dissolves in hydriodic acid, forming a 
deep red solution which probably contains hydriodotitanic acid ; the 
acid and its salts are, however, too unstable to be isolated.’ 

OXIDES AND HYDROXIDES OF TITANIUM 

Titanium forms mono-, sesqui-, and di-oxides, TiO, TigOg, and TiOg 
respectively. To the monoxide there possibly corresponds a sulphate ; 
the sesquioxide is basic, giving rise to salts ; the dioxide is acidic, 

^ Bosenheim and Schiitte, Zeitsch, anorg, Chem*, 1901, 26 , 239. 

* Bosenhoim and Schiitte, loc. cU, 

* Friedel and Guerin, Oompt. rend; 1876, 8 x, 889 ; 1876, 82 , 609, 972. 

* Defacqz and Copaux, Bull. Soc. chim., 1908, [iii], 899. 

* Moisaan, CompL rend., 1895, 120 , 2^. 

« Hautefeuille, Ocnnpt. rend., 1863, 57 , 161 ; 1864, 59 , 189; 1867, 64 , 704. 

^ Bosenheim and Schiitte, loc. cU. 
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forming titanates, but also possesses feebly basic properties and forms 
some salts. 

In addition to these, several mixed or saline oxides have been 
described. The oxide Ti304 or TiO.TigOg, which may be called titano- 
magnetite, was obtained by Rose, and by Piccini and Marino ^ by the 
dry reduction of titanic oxide, TiOg ; whilst Ti305(Ti203.Ti02) is said 
to be formed when titanic oxide is heated in a reducing atmosphere 
with hydrogen chloride.^ It has been alleged that Ti70i2 is the final 
product of the reduction of titanic oxide by hydrogen, but the latter 
may be TigOs. Whether these supposed saline oxides arc single sub- 
stances or mixtures must be regarded as doubtful. 

Titanium Monoxide, TiO, is formed, together with other products, 
when titanic oxide is heated with carbon or a metal such as zinc or 
magnesium ; in the latter case titanatc is also formed according to the 

2 TiO, + Mjr = TiO -I- MgTiO«, 

which differs from the reaction of magnesium with silica owing to the 
inferior reducibility of titanic oxide. 

Moissan ^ has obtained the monoxide in black prismatic crystals 
by heating titanic oxide with carbon in the electric furnace. 

The hydroxide Ti(OH)2 is formed as a black precipitate when alkali 
is added to a solution of titanium dihalide ; it passes ra])idly by oxida- 
tion into hydrated titanic oxide. According to Stabler ^ a sulphate 
corresponding to the monoxide is formed when titanium is dissolved 
in sulphuric acid. 

Titanium Sesquioxide, TigOg, is formed, probably in an impure 
state, when the dioxide is ignited strongly in a current of hydrogen, 
and is obtained in the form of lustrous, copper-coloured crystals, together 
with the trichloride and oxychloride, when a mixture of hydrogen and 
titanium tctracliloride vapour is passed over the white-hot dioxide.*^ 

When a microcosmic bead containing titanic oxide is heated in the 
reducing flame crystals of the sesquioxide separate.® 

This oxide is isomorphous with Elba hsematitc ; and titanium iron 
ore, FcTiOg, is on this account sometimes regarded as an isomorphous 
mixture of iron and titanium sesquioxides. 

Titanium sesquioxide dissolves in concentrated sulphuric acid, 
forming a violet solution of the corresponding sulphate. The hydrated 
sesquioxide, TigOg.iuIIgO, precipitated from a solution of the trichloride 
by alkali, may be black, red, brovm, or dark blue. When suspended in 
water it constitutes a powerful reducing agent, even decomposing water, 
and being oxidised to the hydrated dioxide. When the hydratc(l sesqui- 
oxide is suspended in milk of lime and shaken with air, its oxidation 
is accompanied by an equivalent oxidation of water to hydrogen dioxide. 
A similar reaction occurs when chromic acid is added to titanium sesqui- 
oxide in presence of potassium iodide, the formation of titanic acid 
being accompanied by the liberation of an equivalent of iodine.’ 

^ Piccini and Marino, ZeiUch, physikal Chem., 1902, 32, 70. 

* Friedel and Gixerin, Bull Soc. chim., 1876, [ii], 23, 289 ; Compt. rend,, 1876, 82, 669. 

* Moissan, Compt, rend,, 1892, 115, 1034. 

* Stabler, Ber„ 1906, 38, 2619. 

« Friedel and Gn4rin, Compt, rend,, 1875, 8x, 889; 1876, 82, 609, 972. 

* Braun, Jdhrb, Min,, 1892, ii, 237. 

’ Manohot and Eichter, Ber,, 1906, 39, 320, 488. 
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Titanium Dioxide {Tiianic Oande)^ TiOg. — Titanium dioxide is 
naturally triiiiorphous, and occurs as the three minerals rtUile, anatase, 
and brookite. 

Rutile, the most important of the three, crystallises in tetragonal 
prisms, and has a density of 4*18 to 4*25. It is lustrous, of a reddish 
brown colour, has a hardness of 6 to 6-5 on Moh’s scale, and is isomor- 
phous with cassiterite (SnOg), zircon, and thorianite. 

Anatase is also tetragonal, but its crystals differ from those of 
rutile ; it has a density of 3-82 to 8*95, a hardness of 5*5 to 6, and is 
brown or black in colour. 

Brookite crystallises in rhombic prisms, having a density of 4*12 to 
4-23 and a hardness of 5*5 to 6. 

The three natural forms of titanic oxide are said to be isotrimor- 
})hous with stannic oxidc.^ They can all be produced artificially. 
Rutile is formed when amorphous titanic oxide is fused in a bead of 
borax, 2 niicrocosmic salt or potassium carbonate,^ or melted with 
stannic oxide ^ ; anatase is produced by the decomposition of titanium 
eyano nitride at red heat by water- vapour ; brookite results when a 
mixture of titanium tetrachloride vapour, steam, and carbon dioxide 
is passed through a red-hot tube, and also when the vapour of titanium 
tetrachloride is decomposed by heated limc.*^ It has been showm by 
Hautc'feuille ® that anatase is the stable form of titanic oxide below 
860'" C., brookite bctw'ecn 860° C. and 1040° C., rutile above 1040° C. 

Amorplious titanium dioxide may be obtained by precipitating 
an aqueous solution of titanic chloride with ammonia ; by fusing finely 
powdered rutile or titanic iron ore with potassium carbonate, decom- 
posing the resulting titanate with hydrofluoric acid in a platinum dish, 
separating and recrystallising the potassium titanifluoride formed, and 
decomposing its hot aqueous solution with ammonia ; or by igniting titanic 
iron ore in a current of chlorine and hydrochloric acid, when the iron is 
eliminated as volatile ferric chloride and titanic oxide remains, thus ; 

2FeTi03 4- 41101 + Cl^ = SFeClg -f 2Ti02 + 2 H 2 O. 

Amorphous titanium dioxide is a white powder which, like stannic 
oxide, turns yellow and then brown when heated, and fuses in the 
oxyhydrogen flame. Its heat of formation when the metal is oxidised 
by sodium peroxide is : 

Ti + O 2 = Ti02 (amorphous) 215,600 calories 
and when the finely divided metal is burnt in oxygen, 218,400 calorics.^ 

Titanic oxide is insoluble in water and dilute acids, but dissolves 
when heated with sulphuric acid, potassium hydrogen sulphate, or 
j^yrosulphate, forming a sulphate of quadrivalent titanium,® It 
produces titanates when fused with alkalis or alkali carbonates. Thus 
titanic oxide possesses both basic and acidic properties, and so differs 
from silica, which is not basic. 

^ Wunder, J» prdkt, Chem., 1870, [ii], 2, 206. 

a Knop, Jahrh. Miru, 1877, 408. 

* Ebclmen, Compt. rend,, 1851, 32, 710. 

* Deville and Caron, Annalen, 1869, 108, 66. 

® Daubr6e, Oompt. rend,, 1849, 29, 227 ; 1850, 30, 383 ; 1864, 39, 163. 

® Hautofeuille, Ann, Ckim, Phys,, 1865, [iv], 4, 129. 

’ Mixter, Amer, J, Set,, 1909, [iv], 27, 393. 

* Mixter, Amer, J. Sci,, 1912, [iv], 33, 46. 

» See Bomemann and Schirmeister, MekUlurgie, 1910, 7, 646. 
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Titanic Hydroxides, the Titanic Acids. — The ortho- and meta- 
hydrorxidcs, Ti(OH)4 and TiO(OH)2, arc generally believed to exist, 
and there arc probably other iiydroxides whicli are of the nature of 
condensed acids. There are no natural titanates which reach the 
dt?grce of complexity shown by the natural silicates, neither is a form 
of titanic acid known which is definitely analogous to ^-stannic acid, 
Sn50gj(0ri)io ; nevertheless, as will appear, there is reason to believe 
that titanic acid may exist in complex molecules. 

Orthotitanic acid, Ti(OH)4, is obtained as a voluminous, w'hite 
precipitate wluni ammonia or alkali hydroxide or carbonate is added 
to a cold hydrochloric acid solution of a titanatc. Whilst it remains 
fully hydrated it is soluble in dilute hydrochloric, sul])huric, and strong 
organic acids, forming the corresponding salts, but on heating it loses 
water and passes into more complex and less soluble hydrates. Even 
in contact with water it gradually passes into the meta-aeid,^ and on 
ignition forms the dioxide with evolution of light. 

Metatitanic Acid,TiO(OII)2, insoluble in hydrochloric acid, is obtained 
by various means from hot solutions. Thus when an aqueous solution 
of titanic chloride is boiled the meta-acid is gradually precipitated ; 
this precipitation takes place the more readily in presence of sulphuric 
acid or a soluble sulphate owing to the inferior stability of titanic 
sulphate ; similarly, the soluble product of fusion of a titanic mineral 
with potassium hydrogen sulphate yields metatitanic acid when boiled 
with w’^ater. The hydrolysis of a slightly acidified solution of titanic 
sidphate which occurs on boiling is quantitative, and is employed for 
the estimation of titanium. 

Metatitanic acid is also formed when a hot acid solution of a titanic 
compound is precipitated by alkali, as well as by the action of nitric 
acid of density 1 *25 on metallic titanium. Although practically insoluble 
in dilute acids, metatitanic acid forms an opalescent, colloidal suspen- 
sion with water, whence it is precipitated by acids and salt solutions. 
When ignited, the meta-acid passes into the anhydride without evolving 
light. 

The assumption of the colloidal state by metatitanic acid suggests 
that the molecules of this substance are complex. Colloidal titanic 
acid has been obtained in other ways. On adding hydrochloric acid 
to the mass obtained by fusing titanic oxide with alkali, Rose ^ obtained 
a jelly consisting of the hydrated oxide ; whilst Knop ® found that the 
white precipitate formed on adding ammonia to a solution of titaniferous 
magnetite, in presence of tartaric acid added to keep the iron in solution, 
swelled to a transparent jelly when washed with water. Graham,^ 
also, obtained colloidal titanic acid as a hydrosol, by the dialysis of a 
hydrochloric acid solution of the ortho-acid, and this on concentration 
yields a hydrogel.® Thus it appears that in its colloidal properties titanic 
acid closely resembles silicic acid; moreover, the question arises whether 
the simple formulae Ti(OH)4 and TiO(OH)2 can properly be applied to 
the two hydrates of titanic oxide which are respectively soluble and 
insoluble in hydrochloric acid, or whether the molecules of these two 

^ Wagner, Ber., 1888, 2I, 960. 

* Bose, Gilberfs Annakn, 1823, 73, 76. 

* Knop, Annakn, 1862, 123, 361. 

* Graham, Pogg, Annakn, 1864, 123, 629. 

* Von den Pfordten, Annakn, 1887, 237, 213. 
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substances, being very complex, approximate to rather than correspond 
exactly in composition with these formulae. According to Cariielley and 
Walker,^ who have examined the influence of the gradual increase of 
temperature upon these and other hydrates, the regular form of the 
curves obtained with titanic as well as silicic hydrate is against the 
existence of definite hydrates of any evident degree of stability. 

The Titanates. — It has already been seen that titanic hydroxide is 
amphoteric, dissolving in strong acids to form salts of these acids, and 
in strong alkalis to form titanates. Titanic hydroxide is thus an acid 
of the weakest description, and is unable to displace carbonic acid 
from aqueous solutions of carbonates. Alkali titanate, however, is 
formed when titanic oxide is fused with alkali carbonate, and the 
reaction is reversible when the fusion is carried out in an atmosphere 
of carbon dioxide, the conditions of equilibrium at 900^-1100° C. and 
1 atmosphere COg being represented by the follomng equations ^ : 

0*29 NagCOa + 0*29TiO2 0-71 Na^TiOg + xCO^ 

O-esKgCOg + 0-65TiO2:^.0-35 KgTiOg + xCO^, 

Titanic oxide resembles silica in its power of displacing carbon dioxide, 
and this power diminishes through zirconium to tliorium with increase 
in the basic power of the dioxide. 

Certain mineral titanates are known, and can be prepared artificially. 

Perofskite is calcium metatitanate, CaTiOg, containing small qiian- 
tities of ferrous, manganese, and magnesium oxides ; it occurs in the 
Urals and Arkansas in yellow to iron-black rhombic crystals, ha^ng a 
density of 4*0 and hardness 5*5 on Moh’s scale, and can be produced 
artificially by the strong ignition of a mixture of titanic oxide, lime, 
and potassium carbonate.® 

Ilmenite or titanic iron is ferrous metatitanate, FcTiOg ; it occurs 
in Norway, Canada, and elsewhere in black rhombohedral crystals, 
having a sub-metallic lustre, density 4*5 to 5, and hardness 5 to C 
(Moh’s scale). 

Pyroplianite, isomorphous with ilmenite, is MnTiOg, and geikielite is 
MgTibg. 

Pseudohrookite is ferric orthotitanate, Fe 4 (Ti 04 ) 3 ; it consists of 
brown or black orthorhombic crystals of density 4*39 and hardness 6 
(Moh’s scale). 

Titanite or sphene, calcium titanisilicate, CaTiSiOg, may be regarded 
as the calcium salt of dimetasilicic acid, HgSigOg, in which a iholecule 
of silica has been exchanged for one of titanic oxide. It occurs, em- 
bedded in granite, gneiss, and mica-schist, in yellow, green, red, grey, 
brown, or black monoclinic crystals of density 3*54 and hardness 5 to 
5*5 (Moh’s scale). It has been obtained artificially by fusing together 
a mixture of silica, titanic oxide, and calcium chloride.^ 

Titanic oxide is knowm partially to replace silica in such minerals 
as biotite, augite, and olivine ; and, according to Groth,® the oxides 
Zr02,Th02, and SnO^ may also replace silica isomorphously. Neither 

^ Camelley and Walker, Traris, Chem* Soc., 1S88, 53, 82. 

* D. P. Smith, Zeitsch. anorg, Chem.y 1903, 37, 332. 

* Ebelmen, Compt, rend,, 1^1, 32, 710. 

* Hautefeuille, Ann. Chim. Phgs., 1866, [iv], 4, 129. 

* Groth, Tabellar, VbersiefUd. Miner., 1898. 113. 



TITANIUM AND ITS COMPOUNDS 249 

titanic oxide nor any of these other oxides is known, however, to form 
such complex acids as are formed h}'' silica. 

Alkali titanates may be prepared by fusion, by boiling titanic acid 
with aqueous alkali, or by precipitating a hydrochloric acid solution 
of titanic acid with alkali carbonate. Thus potassium nictatitanate, 
KgTiOg, is obtained as a yellow, fibrous mass when titanic oxide is fused 
^vith potassium carbonate ; the hydrated salt KgTiOgAHgO crystallises 
on evaporating a solution of titanic acid in caustic potash ; the trititanatc 
K2Ti307.2lT20 is precipitated by potassium carbonate frojn a hydro- 
chloric acid solution of titanic acid, whilst formed 

when KgTiOg is boiled with water, and th(i hcxatitaiiate K2Ti(50i3.2H20 
is produced by the action of hydrochloric acid on the dihydrated 
trititan ate. 

The three sodium salts, ^ NagTigOs, Na2Ti307, Na/FigOg, all of which 
are crystalline but insolul 3 le in water, are produced by the fusion of 
titanic oxide with sodium carbonate, together with sodium tungstate, 
to promote crystallisation, and treatment of the cooled product with 
water. 

In addition to these alkali salts and artificial minerals, a number 
of meta-, ortho-, and poly-titanates of other metals have been prepared, 
generally by fusing titanic oxide wdth the carbonate, chloride, or 
sulphate of the metal. They are as follow : SrgTigOg, Ba2Ti30g, 
MggTiO^, MgTiOg, ZnoTi04, ZnTiOg, ZnTigO^, ZugTigO^, Zn 4 Ti 60 x 4 , 
Mn2Ti04, MiiTiOg, CotiOg, NiTiOg, Fe2Ti04, FeTiOg. 

TITANIUM AND SULPHUR 

Titanium Sulphides. — Three sulphides of titanium are known, corre- 
sponding to the three degrees of valency shown by this element. They 
are TiS, TigSg, TiSg. 

Titanium Monosulphide, TiS, is formed by the reduction of the sesqui- 
or di-sulphide in a current of hydrogen. The reaction takes place at 
the softening temperature of glass ; and the monosulphidc is a reddish, 
lustrous, metallic-looking solid, resembling bismuth. It is stable in 
the air at ordinary temperature, but burns when heated, forming titanic 
oxide. It is unattacked by dilute hydrochloric and sulphuric acids, 
slowly oxidised by nitric acid and aqua regia, and dissolved by concen- 
trated sulphuric acid. 

Titanium Sesquisulphide, TigSg, is produced when titanic oxide is 
heated to bright redness in a stream of moist sulphuretted hydrogen 
and carbon disulphide vapour ^ ; when the nitride, TiN, is heated 
in a mixture of sulphur vapour and hydrogen ^ ; and also when the 
disulphide, TiS^, is ignited in an indifferent atmosphere. I'itanium 
sesquisulphide is a metallic, grejdsh black, crystalline powder which 
is stable towards dilute acids and alkalis, but dissolves in concentrated 
sulphuric and nitric acids, forming green solutions of unknown 
composition. 

Titanium Disulphide, TiSg, is formed in a crude state by the action 
of carbon disulphide vapour on titanic oxide,* and also by heating 

^ CormimboDuf, Compt. retid.^ 1892, 115, 823. 

* Thorpe, Tramt. Chem, Soc., 1886, 47, 491. 

* Bohneider, Zeitsch, anorg, Chenut 1896, 8, 81, 

* Rose, QilberCs Awmlen, 1823, 73, 87, 129. 
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together a mixture of rutile (Ti02), sulphur, sodium carbonate, and 
carbon ^ ; it is obtained in a pure state, in th(' form of yellow, lustrous 
scales resembling pyrites, when a mixture of hydrogen sulphide and 
titanium tetrachloride (Ebelmen) or tetrafluoride ^ is passed through a 
strongly heated porcedain tube. Titanium disulphide resembles the 
other sulphides in its behaviour towards acids ; boiling caustic potash 
decomposes it, forming potassium sulphide and titanate ; it possesses, 
however, no thio-anhydride prop(‘rties since it does not dissolve in 
alkali sulphide solution. 

Titanium Sulphates. — Titanium is sharply separated from silicon 
as well as from germanium by its power of forming the sulphates 
Ti2(S04)3, Ti(wS04)2, and pcThaps TiSO^, as well as basic and double or 
complex sulphates. 

Titanous Sulphate, TiS04, is formed, according to Stabler,^ when 
titanium is dissolved in sulphuric acid and the solution is evapo- 
rated. 

Titanium Sesquisulphate, Ti2(S04)3. — According to Glatzel ^ the 
octahydrate Ti2(S04);,.8H20 is obtained by dissolving the metal in 
dilute sulphuric acid, and evaporating the solution. A violet solution 
is said to be formed which on being concentrated becomes blue and 
deposits tufted crystals. According to Stabler and Wir fchweiii,^ however, 
the ses(|uisulphatc is not formed in this way ; but when a concentrated 
solution of the trichloride is repeatedly evaporated at 60*^ C. with 
dilute sulphuric acid in a vacuum, a crystalline prc'cipitate of titanium 
sesquisulphate siiljdiuric acid is formed, which, after washing with 
acetic acid and ether, has the composition 3Ti2(S04)g.H2S04.25H20. 
The same product is obtained as a violet crystalline powder when 
titanic sulphate dissolved in 50 per cent, sulphuric acid is reduced 
electrolytically for five or six hours. The anhydrous sesquisulphate, 
Ti 2(804)3, is separated as a green, crystalline powder, insoluble in 
water, alcohol, ether, or concentrated sulphuric acid, by the repeated 
evaporation of a dilute sulphuric acid solution of titanium sesqui- 
sulphate sulphuric acid in absence of air. Titanium sesquisulphate 
closely resembles the corresponding vanadium sulphate, V2(S04)3, in 
properties, and in the com})ounds it forms with sulphuric acid and 
other sulphates ; it is decomposed by heat into SOg, SO3, and 

Ti02. 

Double or Complex Sulphates of Tervalent Titanium. — The above 
compound of titanium scsquisidphate and sulphuric acid may be 
alternatively described as titanosulphuric acid ; the alkali salts of this 
acid will then be complex rather than double salts. By combination 
with rubidium and ammonium sulphates the following titanosul- 
phates have been obtained by Stabler®: 3Ti2(S04)3.R.b2S04.24H20 ; 
8Ti2(S04)3.(NH4)2S04.18H20. In addition to these a sodium salt 
of the composition Ti2(S04)3.Na2S04.5H20 ’ has been obtained in 
violet crystals by the electrolytic reduction of sodium titanic sulphate 

^ Berthier, Gmelin-Kraut, Handb,, 1897, ii, a, 2. 

2 Ruff and Ipsen, Ber., 1903, 36, 1777. 

» Stabler, Ber., 1905, 38, 2619. 

♦ Glatzel, Ber., 1876, 9, 1829. 

* Stabler and Wirtbwein, loc, eU. 

• Stabler, loc. cit. 

’ Kneoht, Rer., 1903, 36, 166. 
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solution. It is prepared technically and used as a reducing agent.^ 
Perchlorates can be reduced and estimated by its means.^ 

Besides thes(i salts titanium scsquisulphate forms alums, which, 
like other alums, diniiiiish in solubility with increase in clectroposi- 
tiveness of the alkali metal. The rubidium and CcTsium salts, 
Rb2S04.Ti2(S04)3.211l20 and Cs 2804.1^12(804) 3. 2411^0 have been pre- 
pared by Piccini.^ 

Titanic Sulphates. — The metallic nature of titanium is emphasised 
by the existence of sulphates corresponding to the dioxide TiOg. The 
normal disulj^hate is said to exist, and there arc several basic sulphates 
as w'ell as salts of titanisulphuric acids. 

Normal Titanic Sulphate, Ti(S04) 2.311 gO, has b(jen described by 
Glatzel ^ as a yellow, amorphous mass obtained by oxidising the sesqui- 
sul))hate wilh nitric acid and evaporating the resulting solution. 
According to more recent observers, however, the existence of this 
compound is doubtful. 

The first basic sulphate, Ti 20(804)3.31120, or 2TiO2.3SO3.3H2O, is 
formed in crystals, according to Blondel,^ wlu n a sulphuric acid solution 
of titanic acid is heated to 120“ C. The second basic sulphate, titanyl 
sulphate, TiOSO^, was first obtained by Merz ® as a white powder by 
rapidly evaporating a sulphuric acid solution of titanic acid, and by 
Blondel in crystals by heating a similar solution to 225 “ C. The hydrate 
Ti0S04.2H20 was also obtained by the use of somewhat diluted 
sulphuric acid, and the following hydrated basic salts by further modi- 
fying the temperature and dilution : 

2TiO2.SO3.H2O 

7TiO2.2SO3.H2O 

5TiO2.SO3.5H2O. 

Pentahydrated titanyl sulphate, Ti0S04.5H20, was obtained by 
Rosenheim and Schiitte by boiling titanic acid with alcoholic sulphuric 
acid and then evaporating off the alcohol and precipitating with ether. 

Complex Titam-«andTitanyI«8ulphate8.— Titanic sulphate and titanyl- 
sulphate combine with certain normal sulphates to form complex salts. 

Potassium Titimisulphate, K2Ti(S04)3, is produced by melting 
together titanic oxide and potassium pyrosulphatc. 

The alkaline earth salts,® CaTi(S04)3, Si’Ti(S04)3, and Ba2Ti3(S04)8, 
are formed when Ti02 dissolved in concentrated sulphuric acid is mixed 
with a sulphuric acid solution of the corresponding sulphate and the 
resulting solution is concentrated. These salts are decomposed by 
water with precipitation of titanic acid. 

Potassium and Ammonium Titanylsulphates, 

2K2SO4.3TiOSO4.10H2O and (Nn4)2S04.Ti0S04.n20 
respectively, have been obtained by adding concentrated aqueous 

* Spenco and Sons, D.R.P., 149,602. 

* Stabler, Chem. ZeiU, 1909, 33 , 759. 

* Piccini, Gazzetta, 1895, 25 , [ii], 642; Zeitach. arurrg, Chem,, 1898, 17 , 355. 

* Glatzel, Rer., 1876, 9 , 1829. 

* Blondel, Bvlh Soc, chim., 1899, [iii], Zl, 262. 

* Merz, J, praht. Chem,, 1866, 99 , 167. 

^ Kosenhoim and SchUtte, Zeitsch, anorg, Chem*, 1901, 26 , 239. 

® Weinland and Kiibl, Zeitach, anorg, Chem., 1907, 54 , 253. 



252 CARBON AND ITS ALLIES 

solutions of the corresponding sulphates to a saturated solution of titanic 
acid in sulphuric acid.^ These salts are soluble in cold water, but titanic 
acid gradually separates from their solutions. 

The following compounds of titanic oxide with selenious and 
selenic acids have been obtained TiOr^ScOg-HgO, 2TiO2.SeO2.H2O, 
TiO2.SeO3.H2O, 2TiO2.ScO3.II2O. 


TITANIUM AND NITROGEN 

A characteristic of titanium is its pronencss to combine with nitrogen 
to form a nitride. Such a compound was obtained many years ago by 
heating TiCl4.4NH3 alone or in a current of ammonia ^ ; it was copper- 
coloured and was mistaken for the element until Wohler ^ proved 
that it contained nitrogen and assigned to it the formula Ti3N4. Wohler 
also obtained a dark blue substance with a coppery lustre, to which 
he attributed the formula TiNg, by igniting titanic oxide in a current of 
ammonia. Schneider,^ however, showed that the supposed nitride Ti3N4 
contained oxygen ; and he was unable to obtain Wohler’s dinitride, whose 
existence had previously been denied by Friedel and Guerin.® Until 
recently, therefore, the existence of only one nitride of titanium, TiN 
or Ti2N2» recognised^; but titanic nitride, Ti3N4, has now been 
obtained by Ruff and Treidcl.® 

Titanous Nitride, TiN or TigNa, was obtained by Moissan by heating 
titanic oxide with or without carbon in a graphite crucible in presence 
of nitrogen, and also by Ruff and Eisner ’ by heating Wohler’s supposed 
TigN4 in a current of ammonia at 1500 ® C. for six hours till all the 
chlorine and oxygen it contained were removed. It is, however, best 
prepared by heating the dioxide with ammonia in a porcelain tube for 
four to six hours at 1400 ®-! 500 ® C.® 

The nitride obtained by Moissan was a bronze-yellow mass having 
a density of 5 - 18 , and was hard enough to scratch rubies and cut 
diamonds ; that obtained by Ruff and Eisner w’as bronze-coloured and 
had a density of 5*10 at 18 ® C. 

Titanic Nitride, Ti3N4, was obtained by Ruff and TreideP® in the 
following way. When titanium tetrabromide ammonia, TiBr4.8NH3, 
was washed with liquid ammonia an orange-coloured, insoluble substance 
was obtained having a composition between 

2Ti(NH2)4.TiBr4.8NH3 and 3Ti(NH)2.TiBr4.8NH3. 

When this product was treated with a solution of an equivalent amount 
of potassium amide in liquid ammonia a mixture was formed containing 
20 per cent, of the original bromide, 10 per cent, of potassium hydrogen 
titanium di-imide, Ti(NH)NK, and 70 per cent, of titanic nitride, 
Ti3N4. This latter compound has a brown colour, is decomposed by 

^ Rosenheim and Schiitfce, Zeitsch. anorg, Chem., 1901, 26, 239. 

* Brenek, ZeiUcK atwrg, Chem., 1913, 80, 44S, 

® Liebig, Pogg. Annalen, 1830, 21, 259. 

* Wohler, Annakn, 1850, 73, 34. 

* Schneider, Zeilach. anorg, Chem., 1895, 8, 81. 

• Friedel and Gu6rin, Antu Chim. Phys,, 1876, [v], 7, 24. 

^ Ruff and Eisner, Ber., 1908, 41, 2250. 

• Ruff and Treidel, 1912, 45, 1364. ' 

• Ruff, Ber,, 1009, 42, 900. 

Ruff and Treidal, loc. eU. 
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heat into titanous nitride, TiN, and nitrogen, and by water into hydrated 
titanic oxide and ammonia. 

Titanamide. — According to lilix and Wirbelaner,^ and Stabler, ^ 
titanamide, Ti(NH2)4, is formed when TiCl^.CNlIg or TiCl^.SNH, is 
extracted with liquid ammonia. Ruff and Eisner,^ however, deny 
that this compound is so formed. 

Titanium Nitrc^en Halides. — Ruff and Eisner^ found that when 
TiCl4.6NH3 is extracted with liquid ammonia a complex chloramidc 
is formed, which when car(*fully heated in a vacuum at 270° C. leaves 
impure titanium nitrogen chloride, TiNCl, as a dirty gr^^ell residue. 
This substance reacts vigorously with water, forming ammonium 
chloride, nitrogen, and titanium dioxide. On being strongly heated it 
decomposes thus : 

8TiNCl == 6TiN + 2TiCl4 + N2. 

Titanium nitrogen bromide, TiNBr, was obtained in a pure state in 
a similar way, th(^ residue from the ammonia extraction being heated 
at 200° C. under 4 mm. pressure. It reacts with water similarly to the 
chloride. 

Tlie contrast between the behaviour of silicon and titanium halides 
towards ammonia is noteworthy. Silicon easily loses all its halogen ; 
titanium, in accordance with its more electropositive character, retains 
one halogen atom in the compounds TiNCl and TiNBr, to which silicon 
presents no analogy. 

Titaninitric Acid. — By evaporating a nitric acid solution of 
titanic acid over lime Merz ^ obtained crystals of the composition 
5Ti02.N205,6H20 ; no salts of this complex acid arc known. 


TITANIUM AND PHOSPHORUS 

Titanium Phosplude. — ^When hydrogen phosphide acts upon cold 
titanic chloride a yellow, crystalline substance is obtained which on 
heating yields hydrogen phosphide and hydrogen chloride, and leaves 
a residue of titanium phosphide,® TiP, as a brittle mass with metallic 
lustre and density of 3*95. This substance is insoluble in dilute and 
concentrated acids and alkalis, but burns in air, and when heated 
in chlorine forms a yellow sublimate of TiCl4.PCl5. 

Titaniphosphoric Acid and its Salts. — Me rz ® obtained a titaniphos- 
phoric acid, or titanic phosphate, of the composition 2Ti02.P2^6*^H20 
by precipitating titanic chloride solution with a soluble phosphate and 
thoroughly washing the product. A similar substance was obtained by 
Wehrlin and Giraud ’ ; and by heating together titanic and phosphoric 
acids, as well as by melting TiOg with sodium or potassium meta- 
phosphate,® the crystalline compound Ti02.P205 is formed. The 

^ Blix and Wirbelauer, Ber., 1903, 36 , 4228. 

* Stabler, Ber., 1905, 38 , 2619. 

* Ruff and Eisner, Ber., 1908, 41 , 2250. 

* Merz, J. prakL Chem,, 1866, 99 , 167. 

* Geweeke, Annaleitf 1908, 361 , 79. 

* Merz, loc, cU. 

’ Wehrlin and Giraud, Compt. rend., 1877, 85 , 288. 

* Ouvrard, Oampi, rt^, 1890, m, 177. 
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following? crystallised alkali salts of titaniphosphoric acid have been 
obtained by Ouvrard ^ : 

K20.4TiOo.3P205 ; K2O.2TiOo.P2O5 ; Na20.4Ti02.3P205 ; 
()Na20.3Ti62.4P205. 


TITANIUM AND CARBON 

Titanium Carbide, TiC, is obtained in an impure state, in the form 
of stec'l-grey crystals, from cast-iron smelted from ores containing 
titanium.^ It was obtained by Moissan ^ by heating together a mixture 
of ICO parts of titanic acid and 70 parts of carbon, and forme d a crystal- 
line mass resctmbling metallic titanium and having a density of 4*25. 
It do{‘s not, howc^ver, dissolve in hydrochloric acid, nor decompose 
steam at 700° C., but dissolves slowly in aejua regia. 

Titanium Cyanonitride. — Very hard cubical cryshds of a bright 
copper colour are soinetimes found in the cavities of cast-iron and 
slag obtained by the smelting of titaniferous iron ore in the blast- 
furnace, This substance was mistaken by \^'ollaston ^ for metallic 
titanium, but Wohler proved that it contained carbon and nitrogen, 
and attributed to it the formula Ti(CN)2.»3Ti3N2. Wohler ® also 
obtained this substance artificially by strongly heating in a closed 
crucible a mixture of potassium ferrocyanide and titanic oxide, and 
by bringing titanium te trachloride vapour into contact with fused 
potassium cyanide ; it is also formed ® when a stream of nitrogen is 
passed over a white-hot mixture of titanic oxide and charcoal. Cyano- 
niiridc of titanium has a density of 5*28 (Wollaston) or of 4*1 to 5*1.’ 
It is unattacked by boiling nitric or sulphuric acid, but easily dissolved 
by a mixture of nitric and hydrolluoric acids. That it contains the 
cyanogen radicle is showii by the fact that when heated in a current 
of chlorine it forms a compound of titanium tetrachloride and cyanogen 
chloride, CNCl, which appears as a sublimate, and when ignited in a 
current of steam yields hydrogen, hydrogen cyanide and ammonia, 
leaving a residue of titanic oxide. When this substance is fused with 
potash, ammonia is evolved and titanate formed. Its composition 
cannot be regarded as settled ; whether it is really titanium “ cyano- 
nitridc ” or a mixture of carbide and nitride may even be uncertain,® 
though it differs from nitrides in yielding the TiCI^ — CNCl compound 
when heated with chlorine. 

Titanium Thiocyanates,, — ^Thc complex thiocyanates of tcrvalent 
titanium, K 3 Ti(SCN) 6 .GH 20 and (NH 4 ) 3 Ti(SCN) 6 . 6 ll 20 , exist; as w^ell 
as thiocyanates of the quadrivalent metal. 

When a 10 per cent, solution of thiocyanic acid is saturated with 
titanic acid, and evaporated over sulphuric acid, titanylthiocyanate, 
TiO(SCN) 2.211 2 O, separates as a brownish red crystalline powder. 
The potassium salt, K2TiO(SCN)4.H20, of the unknown complex 

^ Ouvrard, Comp,, rend., 1890, m, 177. 

* Shimor, Chem-. News, 1887, 55, 1/56. 

* Moissan, Comp, rend., 1895, 120, 290 ; 1897, 125, 839, 

* Wollaston, Pkil. Tram., 1823, 17. 

® Wohler, Anru^kn, 1850, 73, 34 ; 74, 212. 

® Wohler and Deville, Annakn, 1867, 103, 230. 

’ Hogg, Chem. News, 1893, 68, 163. 

* Joly, Conipt. rend,, 1876, 82, 1195. 
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titanylthiocyanic acid, n2TiO(SCN)4, is formed by the combination of 
potassium thiocyanate with titanylthiocyanate. It forms deep red 
rhombic crystals, soluble in but slowly decomposed by water. 'I'he 
corresponding ammonium, sodium, barium, pyridine, and quinoline 
salts have also been obtained.^ Titanic thiocyanurate, Ti(Il2S.jC3N3)4, 
also exists. 

Titanium Salts of Organic Acids. — A formate, double formates 
with the alkali metals, ^ and a complex basic acetate of tervaliait 
titanium exist ; and some of the corresponding oxalates have b(;cn 
prepared by Stabler.^ 

Titanium Sesquioxalate, Ti2(C20 4)3.101120, crystallises in yellow 
prisms, soluble in water, when alcohol is added to a solution of titanium 
trichloride mixed with excess of oxalic acid. T1 k‘ following double 
salts have also been obtained, Ti(NH4)(C204) 2.211 2O, TiK(C204)2.2ll20, 
TiRb{C204)2.2no0, and the colour of their solutions show that tiny 
contain complex ani<.) 7 is. 

The following oxalates of quadrivalent titanium have been ].)rc.‘pared. 
Hydrated titanyl oxalate, TiOU204.tTH20, has been obtained in an un- 
crystallised condition by dissolving titanic acid in concentrated aqueous 
oxalic acid solution ; if, however, titanic acid is boiled with alcoholic 
oxalic acid, and the solution precipitated with ether, Ti0C204.C2H50Il 
is formed as a crystalline precipitate, soluble in W'ater and alcohol, 
whilst the inorx' basic salt, Ti203('2D4.12lT20, is ])recij)itated by alcohol 
from a concentrated solution of oxalic acid mixed with one of titanic 
acid in hydrochloric acid.^ 

Titanyloxalic acid, IT2Ti0(C204)2.H.20, is obtaiiuxi in long needles, 
solubl(! in water and alcoliol, by decomposing its barium salt, 
BaTi0(C204)2.2H20, with sulphuric acid, and evaporating the resulting 
soluiion ® ; the potassium and ammonium salts, K 2TiO(C 204)2.21120 
and (NIl4)2Ti0(C204)2.H20, have also been obtained crystalline. A 
peroxidised oxalate of the composition 

C O 

(TiO^UCWj), or Tio/' ' 'ViO, 

\c,o/ 

has been obtained by Mazziicchelli and Pantaiudli.® 

Titanitartrates and Allied Salts. — Titanic hydroxide dissolves in a 
concentrated solution of tartaric acid, and alc*ohol precipitates from 
this solution the tartrate Ti(C4li40(j)2.4H20 ; whilst solutions of alkali 
hydrogen tartrates dissolve the same hydroxide and form gelatinous 
substances of the composition 2M2'0.2Ti02.3C4H405.a?H20. The basic 
tartrate TigO 3(0411 406).7ll20 has also been obtained^ The titani- 
tartrates, as well as many other salts of complex acids formed by 
the combination of feebly acidic oxides with organic hydroxy-acids, 
have been studied by Hcaiderson, Orr, and Whitx.head,® who record 
the previous preparation of titan icitrates, Ti0(CgH(.07M')2, titanitar- 

^ Rosenheim and Cohn, Zeitsch. anorg, Chem», 1901, 28, 167. 

2 Stabler and Bachran, Ber., 1911, 44, 2906. 

3 Stabler, Ber., 1905, 38, 2619. 

* Rosenheim and Schiitte, Zeitsch, afwrg. CJiem., 1901, 26, 239. 

® Pochard, Compt. reml.^ 1893, 11-6, 1513. 

• MazzuochcUi and Pantaneili, Atti J?, Acoad. Lincei, 1909, [v], 18, i, 518. 

’ Rosenheim and Schiitte, ibid. 

® Henderson, Orr, and Whitehead, Trans. Chem. Soc., 1899, 75, 542. 
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trates, TiO(C4ll4OgM02 and Ti0;C4H30fiM'\ and titaiiimucatcs, 
TiOrCgll^OyM', and have obtained the following salts in a pure, 
crystallised state : 


Sodium titanitartrate 
Potassium- 
Ammonium „ 

Barium „ 

Potassium titanicitrate 
Po tassii 1 m ti tan irn i icate 


Ti 0 (C 4 H 40 eNa) 2 . 8 ll 30 

2 TiO(C Jl 40 eK )3 9 H 3 O 

2Ti0(C4lI,0«Nn4)2.7H20 

Ti0(C4ll40g)2Ba.5H.40 

TiO(CgireO,K)2.Hp 

TiO:CeH,08K.8ll40 


All th( SC salts arc prepared by dissolving titanic hydroxide in a 
solution of the corresponding metal hydrogen salt of the hydroxy- 
acid. They are thus analogous to tartar emetic ; and the constitutions 
of the complex acids may thus be represented : 

Titanitartaric acid : COOH CH O TiO O CII COOII 

COOIICHOII c!h(OJI)COOH 

Titanicitrio acid : (COOH CPl2)2C O TiO O CXCIIa COOII)^ 

I I 

coon COOH 

Titanimucie acid : COOH (CH 01I)2 CH ClI COOH 

I I 

O— TiO— O 


Since these acids contain the radicle TiO", the prefix titanyl- is perhaps 
preferable to titani-. A jxToxidised titanitartrate of the composition 
Ti02.C4H406.2C4H50(jK.9H20 has also been prepared.^ 


TITANIUM AND SILICON 

Titanium Silicide. — Possibly the silicidc TigSi exists as well as the 
disilicide TiSig. The latter has been prepared by igniting in a crucible 
a mixture of 200 grams of aluminimn powder, 250 grams of sulphur, 
180 grams of fine sand, and 15 grams of titanic acid or 4 grams of 
potassium titanifluoride, the whole being covered with a layer of 
magnesium powder. ^ 

Titanium silicide, TiSig, consists of small grey, tetragonal pyramids 
of density 4*02 arid hardness 4-5 on Moh’s scale ; it is insoluble in 
mineral acids, except hydrofluoric acid, but dissolves slowly in 10 
per cent, potassium hydroxide solution. 


PEllTITANIC ACID AND THE PERTITANATES 

It was observed by Schone ® that the addition of hydrogen peroxide 
to a titanic solution produces a yellow colour. There are thus produced 
compounds of titanium superoxide, TiOg. This oxide is best produced,* 

^ Mazzuccholli and Pantanelli, Att$ B, Accad, Linceij 1909, [v], 18, i, 618 ; Cfazzetta, 
1910, 40, i, 606. 

* Honigsohmid, CompU rerid., 1906, 143, 224. 

® Schone, Dingler^s Poly, J., 1873, 2io, 317. 

* Classen, Ber., 1888, 21, 370 ; Melikoff and Pissaijewaki, Ser,, 1898, 31, 679. 
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in a hydrated form, by slowly adding titanic chloride to dilute alcohol, 
followed by a large excess of hydrogen peroxide and then ammonia or 
other alkali. A reddish yellow liquid is thus produec'd from which a 
yellow precipitate gradually sc‘paral(\s, whi(*h avIut] dried corrc'sponds 
approximately to the formula TiOjj.;iIl20d Tlu* (picstion ^vliether 
this compound may be really Ti02.1l202.2ll20 is to be answered in 
the negative by reason of the fact that its solution do(*s not show the 
K^action with chromic acid characteristic of hydrogei^ peroxides and 
also because of the existence of the lluoroxypertitanates {q*v,) whicli 
are anhydrous derivatives of TiOg. The constitution of Ti03.8H20 
is therefore ^ 

(I10)2Ti/' I * 

or possibly 

/OOH 

Ti^ .11,0, 

^(OII)s 

the titanium being in neither case more than quadrivah^nt. 

Melikoff and Pissarjewski ^ have pre pared a umnl^fT of salts of 
pcrtitanic acid with metallic siq^croxides by adding v.'cli-cooh'd Jiydrogcn 
peroxide to Ti03.a(]. followed by sufficient alkali to make a clear solution. 
The salts arc then preci])itatcd by alcohol. The following compounds 
have thus been obtained : 


Na20,,Ti03.3H20, (NH 4 ) 202 .Ti 03 .IIo 0 „ jk'i.02.Ti03.5ll 

KaOg.TiOa.lOlIgO, (Na2O2)4.Ti2O7.10lT;;O. 

The constitution of the first two salts is reprcsent(?d thus : 

NaOO. yO NH4OO. yO 

yri( I . 311 2O mnd ypic'^^ I 

NaO/ NII^OO/^ "O 


For the last and similar salts Melikoff and Pissarjewski assume tlu‘ 
titanium to be more than quadrivalent, formulating (Na202)4.Ti 2D7.I OllgO 


(Na0-0)3 .(OONa)3 

%’i— O— 'I'i^ .10II2O. 

NaO/ ^ONa 


The fluoroxypertitmiates, to which reference has been made above, 
are formed when alkali or alkaline earth fluoride is added to a titanic 
acid solution containing hydrogen peroxide.'* The following are 
examples of these crystalline salts : 

TiOgFg.SNH^F, Ti02F2.2KF, TiOgF^.BaFg. 

They are derivatives of pcrtitanic acid, in which an atom of oxygen has 
been replaced by two of fluorine ; and arc decomposed by hydrofluoric 
acid thus : 

TiOaFg + 2 HF = Til^ + H2O2. 


* I^evy, CompL rend., 1889, 108 , 294. 

* Melikoff and Pissarjewski, Zeitsch. anorg. Chem,, 1899, 19 , 413. 

® Melikoff and Pissarjewski, J3cr., 1898, 31 , 678, 953, 

* Piccini, Compt. r€nd.t 1884, 97 , 1064 ; Gazzetta^ 1887, 17 , 479. 
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The constitution of TiOgFg/iKF may be thus represented : 

KF--Fs X) 

)Ti<; I 
KF:- F^ 

Maz/ucchclli .and l\antanelli ^ have prepared the following inorganic* 
salts of titanium peroxide: 

Ti02(KS04).,.7ll20, TiO2(NaSO4)2.10Il2O, 

Ti02(NII,SC34)2..TlL0, Ti0.(LiS04)2.7n20, 

TiOoCl2.2NaC1.9lIo6, Ti0l.l\0,.Na.pMn 

0(Ti02.P20,r,.Na2d)2.24HoO, 

DETECTION AND ESTIMATION OF TITANIUM 

Detection. — Titanium is detected in the dry way by the borax or 
phosphate bead rcaetion. The bc^ad is not coloured wlien heated in 
the outer llamc, but in thc^ inner flame shows a yellow cjolour while hot, 
and the cliaracteristic violet colour of titanous compounds when cold. 
The violet colour aj)p('ars more quickly wheji a particle of zinc or tin 
is introduced as a reducing agent. If a small quantity of an iron salt 
is fused into the titanium bead a red colour is produced in the inner 
flame. Titanium compounds do not colour the Bunsen flame, but the 
arc or spark spectrum of this element contains a large number of lines, 
chiefly in the blue and green. 

The titanium present in minerals such as rutile is best brought 
into solution by fusion with potassium pyrosulphate, when the following 
reaction takes place : 

Ti02 + 2K2S2O7 = Ti(S 04)2 + 2K2SO4. 

The fused mass can then be dissolved in cold wat(‘r. Fusion with 
sodium carbonate produces sodium metatitanate, insoluble in water, 
but soluble in acids. 

From a titanic solution, the hydroxide,Ti(OH) 4 , easily soluble in acids, 
is precipitated by potassium hydroxide in the cold. From the hot solu- 
tion alkali precipitates less soluble TiO(OII) 2 . Alkali acetates on boiling 
cause the preci])itation of TiO(OII )2 from titanium tetrachloride solution, 
owing to hydrolysis. Moreover, all titanic salts are hydrolysed when 
their dilute solutions arc boiled ; consequently titatiium can be separated 
from aluminium, iron, and chromium by fusion with potassium pyro- 
sulphate, K 2 S 2 O 7 , dissolving the melt in much cold water and then 
heating to boiling. Tartaric and citric acids prevent this hydrolysis 
by the formation of complex salts. Boiling with sodium thiosulphate 
causes a similar hydrolysis, the thiosulphuric acid formed decomposing 
with separation of sul[)hur, thus : 

TiCl 4 -f 2 Na 2 S 203 -f SU^O = TiO(OH )2 + 4NaCl + 2 H 2 SO 8 + 2S. 

This reaction also serves to separate titanium from iron. Potassium 
fcrrocyanide gives a brown precipitate in slightly acid titanic solutions. 

Hydrogen peroxide, when added to a slightly acid solution of a 
titanic salt, produces a yellow or orange-red colour ® according to concen- 

1 Mazzucohelli and Pantanelli, AUi B, Accad, Lincei, 1909, [v], 18 , 1, 608. 

* Vide p. 234. 

® Schone, Di7i(fl. Poly, J., 1873, 2X0, 317. 
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tration, owing to the tbrniation of TiOj. This is a very delicate reaction 
for titanium, but vanadie acid gives a similar colour with hydrogen 
jKToxide. 

Wlien a solulion of a titanic coinjx)iind in hydrochloric acid is 
redue(‘d by tin or zinc a violet solution of titanium trichloride is produced 
which yields a violet pr(‘eipitat(*, turning white by oxidation. The 
violet solution ])ecomes pink on dilution. This is also a delicate colour 
rc'action for titanium. Quadriv^alent titanium in moderately dilute 
solution gives with dihydroxymaleic acid a brilliant orange colour ; 
tervalcnt titanium gives a dull yellowish brown colour, changed to 
orange by oxidation.^ 

Titanic oxide is distinguished and st^paratc^d from silica by heating 
it with a mixture of hy droll uoric and sulphuric acids. Under these 
conditions the silica is changc^d into gasc‘ous silicon tetraduoridc, and 
is thus eliminated, whilst titanic oxide remains. Indeed, titanium 
tetrafluoride is quantitatively (^hanged into titanic oxide by evaporation 
with sulphuric acid. 

Estimation. — Titanium is estimated gravimetrically in the form of 
its dioxide, TiOg. This is precipitated in the hydrated form by adding 
an)monia to a titanic solution, or by the hydrolysis of the acetate ^ 
or suljiliate, as explained above. 

It may also be (‘stimated colorinudrically, by means of the hydrogen 
peroxide reaction ^ ; this is a method suitable for th(i determination 
of small quantities of the element occurring in rocks. The titanium is 
brought into solution as sul()hate by fusion with potassium pyrosulphate, 
K 2 S 2 O 7 , and extraction with water ; then to a suitably diluted volume 
of this solution, in pr(‘sence of free sul})hnric acid, hydrogen peroxide 
is added, and the colour j)roduccd is matched with standard titanic 
sulphate solution, llydronuoric acid intcrfcTCS with this reaction, but 
small quantities of iron do not ; chromic, molybdic, and vanadie acids 
must, however, be absent. A solution of thymol in concentrated 
sulphuric acid is a more delicate colorimetric reagent for titanium than 
hydrogen peroxide.^ 

Lastly, titanium may be estimated volumcdrically by reducing its 
acid solution to the tervalent condition by means of zinc, and titrating 
with standard permanganate solution, with standard ferric chloride 
solution in presence of potassium thiocyanate,® or with standard 
methylene blue.® 

^ Fenton, Tram, Ckem, Soc., 1908, 93 , 1064 ; Ber., 1910, 43 , 267. 

* Barneboy and Isham, J, Amer, Chem, 80 c., 1910, 32 , 957. 

« Weller, Ber., 1882, 15 , 2593. 

* Lenher and Crawford, J. Amer. Okem. Soc., 1913, 35 , 138. 

® Knccht and Hibbert, Ber., 1903, 36 , 1549. 

® Hibbert, J. Soc. Chem. Jnd., 1909, 28 , 189 ; Neumann and Murphy, Zeitach. angew. 
Chem,, 1913, 26 , 613. 



CHAPTER V 

ZIRCONIUM AND ITS COMPOUNDS 

ZIRCONIUM 

Symbol, Zr. Aioniic weight, 90-6 (O =16) 

Occurrence. — The chief zirconium mineral is zircon or hyacinth, which 
is the orthosilicate ZrSi 04 ; it is a common accessory constituent of 
igiuous rocks, such as granite, syenite, diorite, etc., and also occurs in 
granular liirjcstone. It forms tetragonal crystals, which are frequently 
brown, but may be colourk'ss, red, yellow, green, blue, etc. Its density 
is 4*6 to 4*8 and hardnt‘ss 7*5 on Moh’s scale. Colourless and smoky 
zircon is called jargon, and this was thought by Sorby ^ to contain a 
new element owing to its peculiar absorption spectrum, until it was 
shown that the obs(Tved lines were due to an oxide of uranium. Zircon 
occurs chiefly in Ceylon, the Urals, the Isle of Harris, Greenland, 
Australia, and near Green River, North Carolina. Baddelcyite,^ which 
occurs in C(^ylon and Brazil, consists of zirconia, ZrO.^, together with 
traces of other oxides,^ and eudiaJyle, cataplciite, and zircon-pyroxene 
are silicates containing zirconia. Zirconium also occurs in a number 
of uncommon minerals, together with the rare earths, and is widely 
diffused through various igneous rocks. 

History. — In 1789, the year of the discovery of titanium, Klaproth ^ 
isolated from th(' mineral zircon a new earth which he called zirconia, 
and in 1795 ^ he extracted the same substance from the mineral 
hyacinth, found in Ceylon. Berzelius,® in 1818, traced an analogy 
between zirconia and alumina ; Pfaff,’ in 1820, showed that zircon and 
rutile are isomor[)hous ; and Stromeyer,® in 1822, found zirconia in 
the mineral eudialyte. The pre]mration of metallic zirconium and 
the study of its compounds was carried out by Berzelius ® in a series 
of researches between 1821- and 1835. It was alleged by Svanberg,^® 
in 1845, that zirconia contains the oxides of three new elements, but 
this belief subsc’quently prov(;d to be erroju*ous. 

Preparation of Metallic Zirconium. - Zirconia, derived from zircon, 
is the starting-point for the [)rcparation of metallic zirconium and its 
compounds. The metal was first obtained by Berzelius,!^ in 1824, 
by heating together potassium zircoiiilluoride and potassium. The 

^ Sorby, Cheni. Neioa, 1870, 21, 73. 

2 Weiss and Lehmann, Zeitsch, annrg. Chem., 1909, 65, 178. 

* Wedekind, Zeitsch. angew. Chem., 1908, 21, 2270 ; Ber., 1910, 43, 290. 

* Klaproth, Bcitr., 1789, i, 203; CrelVs Anriakn, 1789, X, 7. 

« Klaproth, Beitr., 1795, i, 227. 

• Berzelius, Afhandl. Fys, Kern., 1818, 5, 86. 

’ Pfaff, Schweigger's J., 1820, 28, 102. 

® Stromoyer, Jahresber., 1822, i, 40. 

• Berzelius, Pogg. Annalen, 1824, 4, 117 et seq, 

Svanberg, Pogg. Annakn, 1845, 65, 317. 

Berzelius, Pogg, Annalen, 1824, 4, 117. 

260 



ZIRCONIUM AND ITS COMPOUNDS 261 

reaction is analogous to that by which he had obtained silicon in the 
previous year, viz. : 

K 2 ZrFfi + 4K - Zr + CKF. 

Later, the metal was pre pared by Troost ^ by passing zircoTiiiim tetra- 
chloride vapour o\'er h('atcd sodium or niagnesiuin. Weiss and 
Ncaunann ^ obtained the powdtTi'd metal by mixing potassium zircoi i- 
lluoride with purified sodium, covering the mixture with potassium 
chloride, compressing it into an iron ves^cl, and starting the reaction 
by means of a flame. The product was waslud with alcoliol a,nd hydro- 
chloric acid. By substituting aluminium for sodium a better product , 
containing 99*S ])(T cent, of the metal, was obtained. Lely and Ham- 
burger ^ have pr(‘parod the metal by reducing the anhydrous chloride 
with sodium in a vacuum. 

An alternative me thod of pre^paring zirconium is to reduce its oxide 
by another metal or by carbon. Thus Phipson ^ heated the dioxide 
with magnesium powder and obtained zirconium as a black, velvety 
powder ; Winkler,'' however, on passing hydrogen over a lieated 
mixture of zirconia and magnesium, obtained the solid hydride Zrll 2 , 
j nixed with unchanged zirconia. Wedekind,® on the otlicT hand, 
ohtainc'd colloidal zirconium, which formed a dark blue suspension in 
water, together with the nitride Zr 2 N 3 , b}^ the reaction Ixdwcen zirconia 
and magnesium in presence of air. 

Moissan ’ prepared zirconium by heating the oxide with excc'ss 
of carbon in an electric furnace and fusing the resulting carbide with 
excess of zirconia. The temperature of reduction of zirconia by carbon 
is about ] 4()()“ C.® 

Lastly, Wedekind ® has obtained a metallic powder containing 99 
per cent, of zirconium by reducir)g the dioxide with calcium in an 
(‘vacuated iron vessel. The powder ]>roduccd was waslu'd successively 
with water, acetic acid, dilute hydrochloric acrid and acetone in absencer 
of air, drie d in vacuo at 250”-3()()® F., and then heated to 800®--1000° C. 
The metal has been investigated analytically by Wedekind and Lewis. 

Properties of Zirconium. — ^Amorphous zirconium, pr(‘]X'xrcd by the 
method of Berzelius, is a coal-black powder which is a bad conductor 
of electricity. According to Wt dekind and Lewis th(‘ black, amor- 
phous zirconium of Berzelius is not an individual substance but a gel, 
wiiich retains water most pertinaciously. The gel has a density of 
3*75, but after drying at 1000'' C. in a high vacuum its density 
becomes 5*79. Amorphous zirconium appears to be thcr colloidal 
modification of the metal ; and the two modifications of zirconium 
bear to one another the same relation as do amorphous and crystalline 
silicon. Crystallised zirconium, as prepared by Weiss and Neumann,^ 

^ Troost, Coni'pt. reml., 1805, 6 i, 109. 

2 Weiss and Neumann, Zeitsch. amyrg. Chem.^ 1910, 65 , 24S. 

* Lely and Hamburger, ZciUsch. anorg, Cliem,, 1014, 87 , 209. 

* Phipson, Oompt. rend., 1805, 61 , 745. Winkler, Tier., 1891, 24 , 888 . 

® Wedekind, Zeit^r.h. avorg. Chem., 11K)5, 45 , 388. 

’ Moissan, Compt. rfnd., 1893, 116 , 1222; see also The Klcclrie Furnace (Arnold, 
1904), p. 172. 

* Greenwood, Trans, Chem, Soc.^ 1908, 93 , 1495. 

® Wedekind, Armcdcn, 1913, 395 , 140. 

Wedekind and Lewis, Trails. Chem. 80 c., 1909, 95 , 456. 

Wedekind and Lewis, Annatcn, 1913, 395 , 149. 

Weiss and Neumann Zeitsch anorg. Chem.^ 1910, 65 , 248. 
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is white, and resembles cast-iron. It forms broad, monoclinic plates, 
and has a density of 4*15 (Troost), 4*25 (Moissan), or 6*40 (Weiss and 
Neumann). It has a hardness of 7-8 on Moh’s scale and scratches 
glass and the ruby ; its specific heat is 0*0660 ^ or 0*0804 (Weiss and 
Neumann) ; it melts at about 1530° C.^ The arc, s];)ark, and absorption 
spectra of the metal have been studied by various observers.^ The 
most intense lines in tlie sjicctruin of zirconium arc as follow^ : 

Arc : 3392*14, 3400-3S, 3<S<)0*49, 3891*53, 3929*71, 3973*63, 

4081*40, 4227*91, 4239*49, 4282*36, 4507*32, 4535*00, 4575*69, 
4634*20, 4687*09, 4688*63, 4710*23, 4739*68, 4772*50, 4815*80, 
6127*64. 

Spark : 3302*20, 3438*39, 3496*40, 3556*80, 3608*41, 3751*85, 

3836*98, 3058*30, 3091*31, 8900*18, 4149*43, 4200*21, 4380*12, 
4443*31, 4494*78, 4497*27. 

The most persistent^ i.e. the ultimate lines in the spark spectrum, 
an* 3304*8 and 3302*4.^ 

The crystalline metal is very stable in the air, and burns only slowly 
at a white heat, though more rapidly in the oxy-hydrogcai blowpipe 
lUune ; when combustion is incomplete the product contains some 
s(‘squioxid(*, ZrgOg. The amorphous metal burns more readily. The 
hi'at of combustion of 1 gram is 1058*7 calorics (Weiss and Neumann). 
Wlu*n heated to dull redness in chlorine or hydrogen chloride; the 
metal yi(;lds the tetrachloride, and it cojnbines with hydrogen at a 
r(*d heat to form the solid dihydridc Zrllg. 

Zirconium is but slowly attacked when hoat(‘d with hydrochloric, 
nitric, or suljdiuric acid, but is rapidly oxidised by aqua regia. Hydro- 
fluoric acid is the best solvent for this metal, the cold dilute acid easily 
dissolving it ; caustic alkalis also dissolve zirconium with evolution of 
hydrogen. Zirconi urn preparations sometimes show radioaei i v ity , owing 
probably to the presence of thorium as an impurity.® 

ATOMIC WEIGHT OF ZIRCONIUM 

That the atomic weight of zirconium is approximately 90 is evident 
from a consideration of its specific heat, and of the isomorphism of 
its compounds with those of tin, silicon, and lead ; and, finally, from a 
study of the Periodic Table.’ 

Various attempts have been made to determine with accuracy the 
atomic weight of zirconium. Berzelius ® in 1825, by igniting the neutral 
sul})hatc Zr(S 04 ) 2 , obtained the following value for the ratio 

ZrOg : SO 3 - 0*75853 : 1, 

* Mixter and Dana, Anmlmy 1873, 169, 388. 

® Vide Wedekind, A nnahnt 1912, 395, 164. 

TbAlon, A/m. Chim. Phys., 1868, [iv], 18, 228 ; Troost and Hautefouille, Gompt. 
end., 1871, 73, 663 ; Exnor and Hasohek, Silzu/iysber. K. Aknd. Ww. Wien, 1898, Kl. Ila, 
07, 813 ; Lockyer, Phil. Trans., 1881, 173; Rowland and Harrison, Astrophys. J., 1898, 
7, 273, 373; Bachom, Zeit. Wiss. P}u)iochem., 1910, 8, 310 ; 8orct, Jakresber., 1875, 219, 
»See also B.A. Report, 1908, 119. 

* Exnor and Haschok, Die Spelciren der Elemente bei nor/nalem Druck (Loipzic and 
Wien, 1911). 

® Leonard, Sci. Proc. Roy. Dnbl Soc., 1907 8, n, 270. 

® Oockel, Ghent. ZeH., 1909, 33, 1121, 

^ The arguments are precisely tho same as those set forth under titanium, p. 235. 

® Berzelius, Pogg. AnneUe/t, 1826, 4, 126. 



whence 


ZIRCONIUM AND ITS COMPOUNDS 


263 


Zr == 89-46.1 

Hermann in 1844 analysed the t(‘traciilorid(i ZrCl^, and the basic 
chloride 2 ZrOCl 2 . 0 irj,O, the mean of his results yieldin^r the value 89*56 
for the atomic Avc i^jlit of zirconium.^ 

More important and accurate were tlie results of Mari^^nac,^ published 
in 1860. Tliis investigator analysed potassiujii zirconilluoridc, KgZrFg, 
and obtained the following values for tlu^ ratios: 

ZrOo : KgZrFg — 0-43200 ; 1 , whence? Zr = 90-03 

K 2 S 64 : KoZrFg = 0-61365 : 1 , „ Zr -- 91-54 

ZrOa : Kg^O^ -- 0-70396 : 1 , „ Zr 90-68. 

Assuming equality of accuracy for each of these values, the mean 
atomic weight of zirconium is 90-75, a result closely approximating to 
that accepted at the present time. 

The abox'c? results are now, Jiowever, of purely historic interest. 
The most accurate researches are those of Wei bull ^ in 1881, and particu- 
larly those of Hailey ^ in 1890 and Venabk? ^ in 1898. 

Weibull ignit(‘d the sulphate and selenate of zirconium, obtaining 
values for the ratios ZrOg : Zr(S 04)2 and ZrOg : Zr(Se 04 ) 2 . Hailey 
similarly ignited the sulphate, but in a double crucible to avoid tin- 
loss of traces of the light zirconia which in an ordinary crucible arc- 
apt to be carri(‘d away mechanically. lb- thus obtained eight higlily 
concordant values for the ratio ZrOa : Zr(S 04 ) 2 . Venable prepared 
the pure basic chloride, ZrOCl 2 . 3 Il 2 C), by crystallisation from hot 
hydrochloric acid, and dried it in a stream of hydrogen chloride at 
100 ® to 125® C. Solution in water, followed by cva})oration to dryness 
and subsequent prolonged ignition, converted the salt into the dioxide, 
thus enabling the ratio Zr 02 : ZrOCla.JlHgO to be calculated. 

The results of these investigators an? given in the following table : 





Ko. of 

Mean Atomic 

Authority. 

Ratio Hcterrained, 

K X peri- 
men ts. 

Weight of 
Zirconium. 

Weibull 

ZrO, : Zr(S 04 ), 

= 0*43150 : 1 

7 

89-54 


ZrO, : Zr(Sc 04 ), 

-- 0-32558 : 1 

5 

90-79 

Bailey 

ZrO, : Zr(SO,), 

= 0-43372 .- 1 

8 

90-65 

Venable 

ZrO, : ZrOCl 2-311,0 

= 0-52986 .- 1 

10 

90-81 


^ This and the succeeding values for the atomic weight of zirconium are not the figures 
given by the investigators in the original memoirs, but have l)oen cahjulated from their 
experimental results, using the modern values for the fundamental atomic weights, 
namely, 0 = 16-090 ; 8 32-005 ; H -= 1-00762 ; Cl == 35-457 ; K ^ 30 100 ; F 

19-015; and Se 79 176. 

- Hermann, J. prakt, Chem., 1844, 31, 77. 

® See Clarke, A Mecalculaiion of the Atomic Weights, Smithsonian Colloctions, Washing* 
ton. vol. liv. No. 3, 1910, p. 287. 

* Marignac, Ann. Ghim. Phys., 1800, (iiij, 60, 270; (Euvres Computes, 1860, ii, 15. 

® Weibull, Lund. Arsskrijt, 1881-1882, vol. xviii. 

® Bailey, Proc. Roy 80 c., 1890, 46, 74. 

’ Venable, J, Amur, Ohem. Soc., 1898, 20, 119» 
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Assuming that the mean values for the atomic weight of zirconium, 
as given in th() last column of the table, arc of equal imi)ortancc, tiie 
general irieaii becomes Zr = 90-45. But this is unsatisfactory on 
account of tlu^ wide discrepancy b(‘tween the two values found by 
Wei1>ull. Th(- r(‘sults of Baih^y and Venaldc appear to be the most 
reliabl(‘, tlie nu aii (d* these' being Zr 90-73. IV\'V(Ttlicless the figure 
accepted by the InlxTuational Committee on Atomic Weights for 1917 
is Zr == 90*6; a value that evidently needs revision. 


COMPOUNDS OF ZIRCONIUM 


With the exception of the dihydride and sesquioxide, zirconium 
is (juadrix alent in all its known compounds. In this respect it resembles 
th '-riiun ratlnr than titanium. The characteristic zirconilluorides 
conned: zirconium with silicon, titanium, and tin ; the existence of a 
stable nitrate shows the superior metallic properties of this metal. 
The chief compounds arc here tabulated : 


Hydride 
Halides . . 


Oxides and. 
nydroxid(‘s 


Zrllo (solid). 

Su peroxides 

Zr,0„ ZrO,. 

ZrF^, KaZrFg, and 

Sulphide 

Com])osition un- 

otlu'r coiujdex flu- 


known. 

oriilcs. 

Oxysulphide 

ZrOS. 

Zr(.l 4 , addition com- 

Sul])hate 

Zr(S04).4H20, 

pounds with NH 3 , 


complex sul- 

(to. 


pliates. 

ZrOtlg. 

Nitrides 

Zr 3 N„Zr,N 3 ,Zr 3 - 

ZrBr 4 . ZrOBra. 

Nitrate 

Zr(N03)4.5ll3(). 

Zrl,, ZrOIo. 

Carbide 

ZrC. 

Zr., 03 . 

Silicide 

ZrSi^. 

ZrOa, ZrOa.H./), 

Silicate 

ZrSi 04 . 

various zireouates. 

Boride 

Zr 3 B 4 . 


Zirconium Hydride^ ZrH 2 . — ^This hydride does not belong to the 
category which includes the tetrahydridcs of carbon, silicon, and 
germanium ; for these are gaseous hydrides, whilst zirconium hydride 
is solid, like the hydrides of the alkali and alkaline earth mentals. Zir- 
conium hydride was obtained by Winkler,^ mixed with unchanged 
zircon ia, by passing hydrogen over a heated mixture of zirconia and 
magnesium powdcT ; by Weiss and Neumann,^ as a grey solid, when 
Iiydrogen is piisscd over red-hot zirconium ; and by Wedekind ^ by heat- 
ing the powdered metal to 700° C. in hydrogen at a prcissure of 1-5 
atmosphere. The hydride burns in air to the sesquioxide; its dis- 
sociation-pressure up to 1100 ° C. has been measured by Wedekind.® 


ZIRCONIUM AND THE HALOGENS . 

In accordance with the almost unexceptional quadrivalency of 
zireoni\im, only the t(-trahalidcs ZrP^, ZrCl 4 , ZrBr 4 , Zrl 4 are known, 
together with some oxyhalides, double or complex halides, and addition 
compounds. 

‘ Winkler, Ber., 1801, 24, 888. 

* Weiss and Neumann, Zeitsch. anorg. Chenu^ 1910, 65, 248. 

^ Wedekind, Annalen, 1913, 305, 149. 
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Zirconium Fluoride, ZrF 4 , is formed when the dioxide is gently 
heated with twice its weight of aimnoniuin difluoride, and can also 
be obtain(‘d by the action of anhydrous hydrofluoric acid on the tetra- 
chloride*.^ It subliirus in small, highlj^ refractive prisms having a 
density of 4*1338 ; 110 c.c. of cold water dissolve 1-3SS grams of ZrF 4 , 
and at 50® C. hydrolysis causes the separation of tlie hydroxide from 
the solution. On evaporating a hydrofluoric acid solution of the 
fluoride, trielinic tablets of the hyilratc ZrF4.3Il20 crystallise out. 
Thus zirconium fluoride possesses some distira*!!}^ saline properties. It 
combines with liquid ammonia to form the compound 5ZrF4.2NlIo 
(Woltcr). _ 

Zirconium Double or Complex Fluorides. — ^When ])otassium fluoride 
is added to an excess of zirconium fluoride solution a crystalline preci- 
pitate of the compound KgZrF^, is obtained. This substance is potassium 
zirconifluoride, to which there correspond isomorphous silicilluorides, 
titani fluorides, and staTinifluoridcs. 

Potassium zirconifluoride is also formed by fusing zircon with 
potassium hydrogen fluorid(.‘. It crysl.aJlises from hot water in rhombic 
prisms, its soliibiliti(\s at various temperatures being as follow : 

Temperature ® C. . 2® 15® 19® 100® 

Grams of K 2 ZrF,. in 

100 grams of n..O . 0*78 1*41 1*70 25*0 

By varying the proi)ortions betAveen potassium fluoride and zirconium 
fluoride the composition of the ])roduct may be alien'd. Thus by 
pouring a solution of zirconium hydroxide into a (*oncentrated solution 
of potassium fluoride the salt KgZrF^ or KjjZrFe.KF is obtained, 
which cr^^stallises in r(*gular octahedra ; on recrystallisation from hot 
watc'r, however, KgZrFg se])arates. Wherj, on the other hand, excess 
of zirconium fluoride is employed the salt KZrFf,Jl 20 is formed in 
monoclinic crystals. 

C.Tsiurn resembles potassium in forming the stable zirconilluorkh* 
CsyZrF^j, which can be rccrystallised. By varying tlie j)ro])ortions 
between the two eomponc;iits, however, C'sZrFg.lI.^O or CsF.ZrF^.HgO 
and 2CsF.3ZrF4.2ll20 can be obtained ; the former, but not tlui latter, 
of these two salts can be rccrystallised without decomposition.*^ 

The less electropositive sodium^ does not so readily form the salt 
Na 2 ZrFe. This salt is producc^d when 2 parts of sodium fluoride are 
added to 14 of zirconium fluoride, but cannot be rc'crystallised. The 
salt 5NaF.2ZrF4, originally produced by Marignac,^ is formed under 
very wide conditions. 

Besides these compounds, ammonium, lithium, and thallium form 
double salts with zirconium fluoride, as well as the bivalent metals 
Mg, Zn, Cd, Mn, Ni, and Cu. 

Zirconium Chloride, ZrCl 4 , is formed in a varic'ty*of ways, which are 
characteristic of the manner of fo^m^ltion of non-metallic rather than 
metallic chlorides. Thus it is produced (i) by the action of chlorine 
on a red-hot mixture of zircon or zirconia and charcoal ® ; in the former 

^ WoHer, Chern,, ZeiL. 1908, 32 , 606. 

® Wells and Foote, ZeiUch. anorg, Chem.t 1895, 10 , 434. 

* Wells and Foote, A^mr. J, ScL, 1897, 3 , 466, 

* Marignac, Ann, Chim, Phye.y 1860, fiii], 60 , 257. 

« Wohler, Pogg, AnndUn, 1839, 48 , 94; Mellisa, Anrmlcn, 1870, 153 , 328; Hinzberg, 
Amialenf 1887, 239 , 253. 
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case zirconium tetrachloride is mixed with silicon tetrachloride derived 
from th(^ silica of the mineral ; (ii) by the action of chlorine or hydrogen- 
chloride gas on the heat(*d metal, ^ wdien the chloride is obtained as 
a white, (TystalliiK; sublimate; (hi) by the action of chlorine on tlie 
carbide, ZrC’,“ at C. ; (iv) by heating the oxide with phosphorus 

penlaeh](jride in a sealed t\ibe at (v) by heating the oxychloride, 

ZrOClo. to 110° C. in a stream of hydrogen chloride.^ According to 
Lely and Hamburger,® however, zirconium chloride is best pn^pared by 
the action of chlorine and carbon t(‘trachloride on the oxide at 800 '' C. ; 
and Bourion ^ has found that the pure chloride is rapidly obtained by 
passing the vapour of sulphur monoehloride over he ated thoria. 

Zirconium chloride is a white, crystalline solid which fumes in moist 
air and reacts vigorously with water, forming the oxychloride ZrOClg 
which remains in solution. Zirconium chloride forms no crystallo- 
hydrate with water, but sublimes when heated, yielding a vapour 
whose density at 440 ° C. is 8-15 (air ~ 1) or 117-4 (H = 1) (tlu'cry 
for ZrCl4 re(pur(‘s 3 16 * 2 ); it may apparently be rccrystallisi d from 
hydrochloric acid, but the product probably contains some oxychloride. 

Addition Compounds of Zirconium Chloride. — Like other metalloidal 
chlorides, zirconium tetrachloride forms various addition compounds 
with ammonia, })hosphorus pentachloride, etc. 

According to Matthews,® the solid tetrachloride combines at ordinary 
temperature with 2 molecules of ammoiua, at higher temperature with 
4 r»K)lecules, and in etluTeal solution yields with ammonia the comj)ound 
ZrCl4.8Nll3. Stabler and Denk,^ however, obtained ZrCl4.8NIl3 by 
l^assing ammonia over zirconium tetrachloride at atmospheric temi)era- 
turc as long as increase in weight e)ccuiTed. The product was a loose 
white powder, which easily lost ammonia, and with water pre)diiced 
zirconium hydroxide and ammonium chloride. At a higher temperature 
the product corresponded approximately to ZrCl4.NH3. 

With phosphorus pemtachloriele the complex 2ZrCl4.PCl5 is formed 
as a white mass melting at 240 ° C. and boiling at 825 ° C. The following 
addition and substitution organic compounds are known 

ZrCl4.2Cen5COOC3ll3, ZrCl2(OCeH4COOC3H5)2, 

ZrCl 3 (OC 3 ll 4 COOCn 3 ) 2 , ZrCl3(OC3H4CHO)3, 

ZrCl2(CeH3COO)3. 

Sodium Zirconichloride, NagZrClg, appe^ars to be formed when 
zirconium chloride is sublimed over fused se)diiun chloride ; and 
'pyridine and qumoUne compounds of this type, (C5H5N)2H2ZrCl6 and 
(C9n7N)2H2ZrCl3, have been prepared.^® 

1 Berzelius, Pogg, Annaltn, 1824, 4, 117 ; Troost, CompL rend., 1865, 61, 109. 

* Wedekind, Ztit^ch. amrg. Ohem.y 1902, 33, 81. 

* E. P. Smith and Harris, J, Artier, Chem, Soc,, 1895, 17^ 664. 

^ Venable, J. Arner Chem. Soc., 1894, 16, 469; Trans, Chem. Soc., 1895, 67, 842. 

® Lely and Hamburger, Zeitsch. atiorg. Chem., 1914, 87, 209. 

® l^ourion, Ann, Chim. Phys,, 1910, Iviii], 20, 647 ; 21, 49. 

^ Doville and Troost, Cotnpi, rend,, 1857, 45, 821. 

® Matthews, J. Amcr, Chem. Soc,, 1898, 20, Sis. 

» Stlilder and Deiik, Ber., 1905, 38, 2611. 

Paykull, Ber.. 1873, 6, 1467. 

Rosenheim and Hertzmann, Ber., 1907, 40, 810. 

Paykull, loc. cU. 

Rosenheim and Frank, Ber., 1905, 38, 812. 
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Zirconium Oxychlorides. — Although zirconium chloride dissolves in 
water, hydrolysis takes place, the solution becomes acid, and the oxy- 
chloride, ZrOClg, is formed in solution; whilst a solution of zirconium 
hydroxide in hydrochloric acid deposits on evaporation tetragonal crystals 
of ZrOClg.SHgO.^ When this com])oiind is heatc^d to 100° C. in a stream 
of hydrogcai chloride ZrOCla-^lIgO is formed, and Avhen it is rccrystallised 
from concentrated hydrochloric acid ZrOCla-ClIgO separate s. ^ Accord- 
ing to Chanvciiet ^ ZrOCl2 forms hydrates Avith 2, 3 * 5 , 0, and 8 HgO. 
The oxychloride Zr^OClg is formed Avhen the tetraeliloride is luxated 
in a current of oxygen,^ and ZrgOgClg AAdien an alcoholic solution of 
ZrOClg is precipitated with ether.® Chauvenet,® however, maintains 
that the only oxycliloride besides ZrOClg is ZraO^CIg, which exists in 
the anhydrous and mono- and tri-hydrat(d forms. When a solution 
of zirconium oxychloride is dialysed colloidal zirconium hydroxide 
results. 

Zirconium Bromide^ ZrBr 4 , resembles the chloride in its manner of 
formation and j)ro}>(Tties. It is fornad by passing bromine vapour 
Avith carbon dioxide gas oA^cr a heated mixture of zirconia ’ and carbon, 
or over red-hot zirconium or its carbide.® It is a Avhite, crystalline 
penvder Avhieh dissolves in water, forming the oxybromide ZrOBrg ; 
it ibrms with ammonia gas at 10° C. the compound ZrBr4.10Nlijj 
(StahIcT and Dejik), and absorbs ammonia in ethereal solution, forming 
ZrBr4.4NHy.® The bromide also combines with ethylarninc, aniline, 
and ]jyridine, and f(jrms the pyridinium salt (CrJTsNIljaZrBrQ.^® 

Zirconium Oxybromides resemble the oxychlorides.^^ By the evapo- 
ration over sulphuric acid of an aqueous solution of the tetrabromidc 
crystals of Zr0Br2.8H20 arci formed, and when these are heated to 
100°-120° C. in a current of hydrogen bromide Zr0Br2.4Il20 results ; 
whilst from a solution of titanium hydroxide in hydrobromic acid the 
compounds Zr( OH )3Br. 21120 and Zr(0H)3Br.H20 can be obtained. 

Zirconium Iodide, Zrl4, was prepared in an impure state by Dennis 
and Spencer by passing hydrogen iodide gas over zirconium heated 
to redness ; and Stiihler and Denk obtained the impure iodide as a 
rust-coloured sublimate by the same method, the metal or the carbide 
being employed, and freed it from iodine by shaking it with benzene. 

Zirconium iodide is a brown powder which fumes in the air and 
reacts vigorousl}^ Avith water and alcohol ; it combines with ether to 
form Zrl4. 4(02X15)20, and with ammonia to form Zrl4.8NH3. 

Zirconium Oxy-iodide, Zr0l2.8H20, was obtaini*d by Venable and 
Baskcrvillc by dissolving zirconium hydroxide in hydriodic acid, 

1 WoibuU, Bcr,, 1887, 20, 1394. 

^ Venable and Baskerville, J, Armr, Chem. Soc,, 1898, 20, 321. 

’ Cliauvonet, ComjiU rend.^ 1912, 154, 821. 

* Troost and Hautefeuille, Compt, rend.^ 1871, 73, 663. 

® Endcmann, J. praJet. Chem., 1875, [ii], ii, 219. 

^ Chauvenot, Compt, rend.^ 1912, 154, 1234. 

’ MeUisH, Bnll. Sloe, chim,, 1870, 14, 204. 

Stabler and Denk, /^er., 1905, 38, 812, 

^ Matthews, J. Amer, Chem. Soe,^ 1898, 20, 815, 839, 843. 

Rosenheim and Frank, JSer., 1905, 38, 812. 

Melliss, Bull, 80 c. ckim., 1870, 14, 204 ; Weibull, Ber., 1887, 20, 1394. 

Rosenheim and Frank, Ber,, 1907, 40, 803. 

“ Dennis and S^ncer, J, Amer. Cl^m, 80 c., 1896, 18, 673. 

1* Stabler and Denk, Ber., 1904, 37, 1137 ; 1905, 38, 2611. 

^ Venable and Baskerville, J. Amer, Chem* 80 c,, 1898, 20, 321. 
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and by Stabler and Denk ^ by evaporating a solution of zirconium tetra- 
iodidc in water. It formas colourless crystals. 


ZIIU ONII M AND THE OXYGEN GROUP 

Oxides of Zirconium. It has aln^ady been seen that zirconium is 
usually qiiadrivakiit. Nevertheless th(i sesquioxide Zr^Og exists, 
though probably not the monoxide ZrO. Winkler ^ believed that the 
monoxide ZrO is formed when zirconia is heated with magnesium in a 
current of hydrogen, and this o])inion was supported by the work of 
Dennis and Sj)(*ne(T ; Wedekind,^ hovrever, failed to obtain a lower 
oxide by the reducition of zirconia with magne sium ; the existiaicc of 
the monoxide must therefore be considc^red doubtful. 

Zirconium Sesquioxide, Zr203, was obtairu^d by Weiss and Neu- 
mann by the combustion of the hydride Zrllg. It fornu'd a grecai 
powder which on ignition in the air ])assed slowly into the dioxide. 

Zirconium Dioxide {Ziremna), ZrO 2. — It has already becui stall'd 
that zirconia occurs in various minerals, both fri e and combined with 
silica and other oxides. Zircon, ZrSi04, is the chief source of zirconia 
and other eompounds of ziritoniiim ; and in orde r to prepare this mine ral 
for chemical treatment it is ignited and quickly plunged into cold water; 
by tliis means it is rendered pulverisable. Tlie powdered mineral may 
then be treated in various ways, the (hief of whii^h arc : 

(i) Fusion with alkali carbonate or hydroxide. 

(ii) Fusion with [)otassium liydrogcn fluoride. 

(iii) Fusion with potassium hydrogen sulphate. 

(iv) Reduction willi carbon in the electric furnace. 

(i) Fusion with Alkali Carbonate or Hydroxide. — When powdered 
zircon is fused with alkali carbonate or hydroxide and the melt is 
treated with water, alkali zireonatc remains as a crystalline powder. 
After wa, si ling, this powdi'r is dissolved in dilute hydrochloric or sulphuric 
acid, and from tlui solution thus obtained hydrated zirconia is precipi- 
tated by ammonia. 

(ii) Fusion with Potassium Hydrogen Fluoride. — The powdered 
zircon is intimately mixed w ith about four times its weight of potassium 
hydrogen fluoride,® and gently ignited in a platinum crucible till it is 
freed from water. The platinum cnicible is thc'ii placed inside a covered 
Hessian crucible and the whole is heated in a wind-furnace for two 
hours. The melt, after cooling, is boiled with dilute hydrofluoric acid, 
and the silicon is thus eliminated as almost insoluble potassium silici- 
fluoridi;, which is filtered off. From the filtrate potassium zirconi- 
fluoridc crystalliscis on cooling ; this salt is recrystallised and then 
decomposed with strong siilphuric acid. From a solution of the zirco- 
nium sulphate thus formed, hydrated zirconia is precipitated by ^ 
ammonia.^ 

1 Stabler and Oonk, Ber.. 1004, 37 , 1137; 1905, 38 , 2611. 

8 Winkler, Bcr., 1890, 23 , 2664. 

* Dennis and Sjwncer, J. Amcr. Chew.. Soc., 1896, 18 , 673. 

* Wedekind, Zeitsch. anorg. Chem.f 1905, 45 , 386. 

* Weiss and Neumann, Zeiisch. anorg. Ghent., 1909, 65 , 248. 

* Marignac, Ann. Chim. Phys., 1860, [iii], 60 , 267. 

’ Homberger, Annahn, 1876, 181 , 232. 
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(iii) Fusion with Potassium Hydrogen Sulphate. — When zircon is 
fused with potassium hydrogen sulphate and the mass is boiled with 
water containing sulphuric acid a residue ot* basic zirconium sul- 
phate, 4Zr02.3S03.14ll20, is obtained.^ This is then decomposed by 
fusion with caustic soda, so that after wasJiing with water a residue 
of zirconia remains, which is juirified by Ixdng dissolved in hot 
concentrated sulphuric acid and rcprecii^itated, after dilution, by 
ammonia. 

(iv) Reduction with Carbon in the Electric F urnace. — ^Troost * 
endeavoured to eliminate silica from zircon by mixing the latter with 
carbon, compressing the mixture into a cylinder, and lieating it in the 
electric arc surrounded with an atmosphere of carbon dioxide. Although 
most of the silica was reduced and vaporised, about 1 per cent, remained 
in the residue. Moissan and Lengfeld ^ heated a mixture of zircon and 
sugar-charcoal in the electric furnace ; the silicon was volatilised and 
the zirconium formed a carbide containing a very small amount of 
silicon. This carbide was d<*composed at a dull red lufat by chlorine 
and the resulting chlorides were boiled with concentrated hydrochloric 
acid, whence zirconium chloride separated almost pure. This was 
then decomposed in solution by ammonia, and pure hydrated zirconia 
obtained, free from iron and silicon. 

A modification of this process consists in the addition of lime,* 
whereby calcium carbide is formed and becomes the reducing agent 
according to the reaction : 

ZrSiO^ + 2 CaC 2 = ZrC + 2CaO + 2CO + SiC. 

According to Wedekind ® it is be.st to dissolve the zirconium carbide in 
a<|ua regia and then add tartaric acid and hydrogen peroxide, which 
precipitates the peroxide. 

Zirconia may be obtained in a pure state* by the ignition of hydrated 
zirconia, or of the nitrate, sulphate, or oxalate of the metal. Produced 
thus it is a fine white powder of density 5*489 ® or 5*4824.’^ When zirconia 
is fused with borax and the borax is extracted with sulphuric acid the 
zirconia is obtained in tetragonal prisms, of density 5-71,** and iso- 
morphous with rutile and cassiterite, but not with thoria. Crystallised 
zirconia is also produced when the powdered oxide is heated with hydrogen 
chloride gas under pressure.® Zirconia fuses in the electric furnace ; 
its density at 15° C. after fusion is 5*75 (Lehmann). The coefiicient 
of linear expansion of zirconia is 0 00000084, that of quartz being 
0*0000007. The temperature to which it has been heated has much 
influence on the solubility of zirconia in acids, for, like alumina and 
some other oxides, it undergoes polymerisation on ignition. Thus 
after slight ignition zirconia is easily soluble in mineral acids, but after 
strong ignition it dissolves only in concentrated sulphuric and hydro- 
fluoric acids. 

* Kranz, Ber., 1870, 3, 68, 

® Troost, Compt. rend., 1893, Ii6, 1428. 

* Moissan and Lengfold, Oompt. rend., 1896, 122, 651. 

* Renaux, Contribution d Vdtude de la Zircone, Th^se, Paris-Vincennes, 1900. 

® Wedokind, Zeitsch. anorg. Chem., 1902, 33, 81. 

® Venable and Beldon, J. Amer. Chem. 80 c., 1898, 20, 273. 

’ Lehmann, UnterstLchungen fiber daa Zirkonoxyd und eeim VerwenduTig, Miinohen, 
1908. 

® Kordenskiold, Pogg. Annalen, 1861, 114, 612. 

® Hautefeuille and Perrey, Compt. rend., 1890, no, 1038. 
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It was observed by Berzelius, as early as 1825, that zirconia, wh(‘n 
strongly heated, emits a bright light ; and this oxide, when made into 
rods or plates, has been (anpJoyed as a substitute for lime in the 
DrumrnoiKl light. It was also used by Aiur von Wclsbach as a 
eonstii uent of the earlie r mantles for incandeseent gas light, and by 
Nernst in the preparation of the rods for his electric glow-lanip. Its 
])ow(T of withstanding high temperature and chemical reagents, and 
its very low coelRcient of expansion make zirconia a suitable mat(;rial 
from which to manufacture crucibles. In a crucible made of zir- 
eonia mixed with 10 per cent, of magnesia, platinum and quartz can 
be melted. 

Zirconium Hydroxide, Zirconic Acid. — ^Hydrated zirconia, precipi- 
tated from an acid solution by ammonia or caustic alkali, contains an 
indefinite amount of water ; it is slightly soluble in water, and appears 
to be feebly alkaline, since it colours yellow turmeric pa])cr brown. Its 
solubility in acids depends on the conditions of its ] 3 recipitation. Wlum 
precipitated cold it is easily soluble in dilute acids ; when preci[)i- 
tated hot, or washed with hot water, it can be dissolved only in concen- 
trated acid. In these properties hydrated zirconia resembles hydrated 
alumina. Wh(Mi precipitated zirconia is heated to 100° C. it "attains 
to the composition Zr02.H2^* This product is called zirconic acid. 
A less hydrated form of zirconia, known as metazirconic acid, is obtained 
by boiling zirconium oxychloride with water as long as chloride is 
abstracted and drying tho product at 100° C. ; it has the composition 
3ZrO 2.211 2 O. Metazirconic and zirconic acids are supposed to be 
related to one another as stannic and metastannic acids arc related.^ 
According to van Bemmclen,^ however, zirconia forms no true hydroxide, 
these products being the colloidal oxide, containing accidental amounts 
of water. 

Zirconates. — Zirconium hydroxide, if such a comj)ound can be 
said to exist, is an amphoteric hydroxide forming salts both with 
strong acids and strong bases. Zirconates of the alkali and other 
metals are known, but they arc produced by fusion rather than in 
solution ; prcci})itatcd zirconia adsorbs a certain amount of alkali 
added in excess, but docs not definitely combine with it. 

Sodium Mctazirconate, Na 2 Zr 03 , is formed when zirconia and sodium 
carbonate are fused together^ in equivalent proportions. It is a 
crystalline mass which is decomposed by water. By using excess of 
sodium carbonate and heating the mixture to whiteness the ortho- 
zirconate Na 4 Zr 04 is produced. Lithium forms the zirconates LigZrOg ^ 
and Li 2 Zr 205 , and calcium, strontium, barium, and magnesium the 
metazirconates M'^ZrOg. 

Zirconium Peroxide and the Perzirconates. — Cleve® prepared a 
hydrated zirconium peroxide, supposed to be ZrOg.nllgO, by precipi- 
tating with ammonia a mixture of zirconium sulphate solution and 
hydrogen peroxide ; and Bailey ® obtained a gelatinous precipitate which 
he believed to be hydrated ZrgOs, by adding hydrogen peroxide to a 
neutral solution of zirconium sulphate. 

* Ruor, Zeitsch. anorg. Chem., 1905, 43 , 282. 

® Van Beramolen, Zeitsch. anorg, Chem,, 1905, 45 , 83 ; 1906, 49 , 126. 

* Hiortdahl, Compt, rend,, 1865, 61 , 175, 213. 

* Ouvrard, Compt, rend., 1891, 112 , 1444-; 113 , 80. 

® Cleve, Bull, Soc, chim., 1886, 43 , 57. 

“ BaUey, Trans. Chem, Soc,, 1886, 49 , 149, 481 ; and 1889, 58 , 705. 
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More recciilly Pissarjcwski ^ has in veslif^ai rd tlie action of hydrocfon 
peroxide and of sodinin hy])ocli]orite on hydrated zireoriia, and r(‘pre- 
sents the reactions in tlic Ibllo^ving way : 

Zr(OH), d- 11 ( 0 ., U) - Zr(0.!l)(0H), 1 II.O. 

Zr(011)4 f NaOCl Zr(0“U)(0II)3 + Na“Cl. 

It is noteworthy tliat hydrogen peroxide* and sodium hypoclilorite, wliieh 
usually differ widely in oxidising action, art* here repres(*nL(‘d as yielding 
identical oxidation products. From this it is argued that the product is 
really a derivative of ZrOg and not the double compound Zr(011)4.H202. 

No precipitate is obtained on adding hydrogen peroxide to a zir- 
conium salt solution in presence of sodium or potassium hydroxide, 
because the alkali })erzirconates are solubh' salts. Salts having the 
formula Na4Zr2Oii.0ll2O and K4Zr2Oii.0ll2O respc'ctively are obtained 
by dissolving zirconium pe roxide in alkaline hydrogen peroxide solution 
and precipitating with alcohol. 

Zirconium Sulphide and Oxysulphide. — According to Berzelius ^ 
and Paykull,^ zirconium disulphide, ZrSg, is formed wlien zirconium 
is heated in sulphur ^*apour. The metal employed by tln^se workers 
was, however, highly impure, and the nature of the* product obtained 
uncertain. Fremy made an unsuccessful attempt to jwepare a sul])hide 
by hc‘ating zirconia in an atmosjdierc of carbon disulphides ; but Hauser,^ 
after he ating zirconium sulphati^ in a curre nt of dry air at 380-’ -400'' C., 
rais(‘d it to a red heat in a stream of hydrog(*n sulphide, and thus 
obtained zirconium oxysulphide, ZrOS, as a bright yellow powder 
which (*asily takes fin* spontaneously in the air. 

Zirconium Sulphates. — ^Anhydroiis zirconium sulphate, Zr(S04)2, is 
obtained by dissolving the hycl rated oxide in concentrated sulphuric 
acid, evaporating, and carefully igniting the residue.^ Too strong 
ignition decomposes the salt and converts it into oxide.® The anhy- 
drous sulphate dissolves in much water with great evolution of heat ’ 
owing to the formation of the hydrate Zr(S04)2.4lT20, which separates 
in rhombic crystals from a solution containing sulphuric acid. i>om a 
dilute solution the basic salt 4Zr02.3S03.15Il20 gradiuilly separates,® 
and is sulYicicntly definite in composition for atomic weight determina- 
tion ; whilst from a concentrated solution near the boiling-]ioint the 
salt 2Zr02.3S03.5Il20 crystallises.® The preci})itate formed by adding 
alcohol to zirconium sulphate solution varies with temperature and 
concentration.^® From strongly acid solutions the acid salt 
Zr(S04)g.ll2S04.3Tl20 separates® in prisms which deliquesce in air, 
forming Zr(S04)2.4H20 ; the raonohydrate Zr(S04)2.n2S04.H20 is also 
known. 

Riicr has observed that a solution of normal zirconium sulj)hato 
does not give the same reactions with oxalic acid and ammonium oxalate 

' Pissarjowaki, Zeiiich, anorg. Chem.^ 1002 , 31 , 359. 

* Berzelius, Pogg. Anmlen, 1824, 4 , 117. 

» Paykull, Bull. Soc. chim., 1873, [ii], 20. 

* Hauser Zeitsch. anorg, Chem., 1907, 53 , 74. 

® Berzelius, Pogg. Annalen, 1824, 4 , 117. 

“ Bailey, Proc.. Bog, Soc,, 1889, 46 , 74. 

’ Hauser, Zeitsch. anorg. Ghem., HK)5, 43 , 185. 

® Hauser, ibid ; see also Hauser and Herzfeld. ibid., 1910, 67 , 369. 

» Hauser, ibid., 1907, 54 , 196. 

Hauser, J. praH, Chem., 1907, [ii], 76 , 363. 

Ruer, Zeitftch, anorg Ghem.. 1904, 42 , 87. 
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that a solution of the chloride gives. He therefore assumes that this 
solution contains zirconium in a complex anion, thus H2 (^^t'DS 04.S04), 
to wliicli coin|)l(‘X sodium and ammonium salts M' 2(5^1*0804.804) 
corrcsj)ond. Tla? constitution of hydriit(,*d crystallised zirconium 
sul})liatc is accordingly r( pres(‘ntt*d thus : Zr0S04.H2!i>04.8ll20. This 
view is not accepted by Ilauseri^; but Ilosenheim and Frank write 
the formula in qiustion Zr0(S04ll)2.3H20, thus reju’esentiiig it as 
zirconylsulphuric acid ; and, moreover, have obtained the following 
com])lex sulphates : 

Zr203(S04K)2.8H20, Zr203{S04llb)2.15H20, Zr203(SO4Cs)2.111l2O, 
as well as Zr(s64K)4.8ll20 and Zr(S04Na)4.4n20. 

Zirconium Sulphite^ Zr(S03)2.7n20, is obtained in crystals when 
sulphur dioxid(‘ is })assed into a zirconium salt solution, and the resulting 
})recipitatc is dissoh ed in sulj)hurous acid and the solution evaporated 
over sul])huric aeid.'^ A basic thiosulphate also appears to exist. 

Zirconium Selenate^ Zr(Se04)2.4ll20, forms hexagonal crystals, 
soliibk' in water, which lose 3lIoO at 100° C. and become anhydrous 
at 120° CJ 

Zirconium Selenite^ Zr(Sc‘03)2.Il20, exists in microseo})ie crystals, 
iusolublc in water. An amorphous basic selenite, Zr0S('03.2H20, is 
also known. ^ 

ZIRCONIUM AND THE NITROGEN GROUP 

Zirconium Nitrides. — Zirconium does not cojubine with nitrogen 
so readily as titanium. Three nitrides, however, have been d(‘scribed : 
Zr^Ng, ZrgNg, and Zr^Ng ; but Wc chhind ® appears recently to recognise 
th<.‘ existence of only one nitride?, viz. Zr3N2. 

is formed as a re d-brass crystalline powder, e^f ele'nsity 6*75, 
wliem the metal is heated te> 1050° C. in a current of nitrogen or 
to 1000° C. in ammonia gas ; it is very stable towards oxygen and 
chlorine, but evolvc's ammonia when fused with potash.’^ 

ZrgAg anel Zr^N ^, — By heating a mixture of amorphous zirconium 
with aluminium to a white heat in the air Mallet obtained a product 
which cvolve?d ammonia when fused with potash ; anel similar {)roducts 
were; obtained by heating the metal or its chleu’ide in ammonia. More 
definite knowledge was gained later by Matthews,® who obtained 
ZrgNg as a grey product by lu;ating ZrCl4.8NH3 in a current of nitrogen ; 
anel ZrgNg, which was similar in appearance, by heating the tetra- 
chleiride in a stream of ammonia. Wedekind also obtained ZrgNg 
in bronze-coloureei microscopic crystals by rcelucing zirconia with 
magnesium in a loosely covered crucible and washing away the colloidal 
m(‘tal ; the same nitride is also formed when the carbide is heated in 
a current of nitrogen. Both these nitrides are soluble in hydrofluoric 
acid. 

^ Hauser, Zeitsch. anorg. chem,, 1907, 54 , 196, 

^ Rosonheim and Frank, Her., 1905, 38 , 812 ; and 1907, 40 , 803. 

® Venable and Baskervillo, J. Amer. Chem. 80 c., 1895, 17 , 448. 

* Ditto, Compt. rend., 1887, 104 , 172. 

^ Nilson, Researches on Salts of Sdenious Acid (Upsala, 1876). 

« Wedekind, Annalen, 1913, 395 , 149. 

’ Wedekind, Anmkn, 1912, 395 , 177 ; 1913, 395 , 149. 

® Mallet, Amer, Jour, Sci,, 1869, 28 , 349. 

® Matthews, J. Amer, Oh^m. Soc., 1898, 20 , 815, 839, 843. 

Wedekind, ZeiUch, anorg, Chem,, 1906, 45 , 385. 
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Zirconium Nitrates. — The salt Zr(N03)4.5H20, first described by 
Paykull,^ was obtained by Rosenheim and Frank ^ in hygroscopic prisms 
by evaporating a nitric acid solution of zirconium hydroxides over 
phosphoric oxide and sodium hydroxide. Mandl ^ obtained a basic 
nitrate soluble' in water ; and Muller,^ in a study of colloidal zirconium 
hydroxide, formed the opinion that zirconium nilrnte and other zirco- 
nium salts are not of constant composition, because a solution containing 
the nitrate loses nitric acid on evaporation, and the product, which 
dissolves in water, yields a slightty opalescent solution containing 
colloidal zirconia. The question here arises whetluT, in analogy with 
the sulphate, zirconium nitrate, Zr(NO 3)4.51120, should be witten 
as zirconyl-nitric acid, Zr0(N03)4Tf2.4H20, but th(^ question cannot 
be certainly answered. On evaporating a solution of tlie nitrate at 
75 ° C. the basic nitrate Zr0(N03) 2.21120 separates as a white powder, 
and on mixing the alcoholic solution of this salt ^^ ith ether the more 
basic nitrate Zr203(N03)2-5H20 is formed.- 

Zirconium Phosphates. — Zirconium orthophosph.'itc) is formed as a 
gelatinous j^recipitate when a phosphate solution is addc'd to a solution 
of a zirconium salt. The compound Zr02.P205^ or ZrPgO^, zirconium 
pyrophosphate, is obtained crj^stalline when zirconia is fused with 
rnctaphosphoric acid ; and 2Zr02.P2^^'»^ formed in cubical or octa- 
hedral crystals when hydrated zirconia is heated with syru]>y phosphoric 
acid. Various double phosphates of zirconium and the alkali metals 
have been prepared by Troost and Ouvrard ’ by melting zirconium 
oxide, phosphate, or chloride with an alkali phosphate. 


ZIRCONIUM AND THE CARBON GROUP 

Zirconium Carbide, ZrC. — ^Zirconium resembles titanium in its 
power of combining with carbon at liigh temperature. Troost ® 
obtained a carbide to which he attributed the formula ZrCo by heating 
zircon with carbon in the electric arc in an atmosphe re of carbon dioxide. 
Moissan and Lengfeld ® produced a carbide, similarly, by heating in an 
electric furnace a mixture of pure zirconia and sugar-carbon, mixed 
with oil and made into cylinders, which were placed in a carbon tube. 
The carbide was grey and metallic-looking, was well crystallised, was 
hard enough to scratch glass, but not ruby, had the com})osition ZrC, 
and was not dccomposc'd by water at 0° C. or 100° C. In this latter 
respect it differs from thorium carbide, which, like the carbides of more 
electropositive metals, is decomposed by water with evolution of 
hj^drocarbons. Wedekind has prepared this carbide from natural 
zirconia by a similar process, has shown that it is an excellent conductor 
of electricity, and that it is converted into the nitride when heated in a 
stream of nitrogen. 

1 Paykull, Bcr., 1873, 6, 1467. 

® Rosenheim and Frank, fier., 1907, 40, 803, 

® Mandl, Zeitsch, anorg. Chem., 1903, 37, 252. 

* Miiller, Zeitsch. anorg, Ghem., 1907, 52, 316. 

® Kiiop, Annaleny 1871, 157, 363. 

* Hautefeuille and Margottet, Cmnpt. rend,, 1886, 102, 1017. 

’ Troost and Ouvrard, CompL rend,, 1886, I02, 1422 ; 1887, 105, 30, 265. 

Troost, Gompt. rend,, 1893, 1 16, 1227. 

^ Moissan and Lengfeld, Gompt, rend,, 1896, 122, 651. 

Wedekind, Chem. Zdt,, 1907, 31, 654. 
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Zirconium Carbonates. — The existence of several carbonates of 
zirconium serves to emphasise the electropositive character of this 
element. Berzelius ^ and Hermann ^ obtained hydrated carbonates by 
precipitation, and Mandl ^ prei>ared a preei])itated carbonate by passing 
carbon dioxide through a mixture of zirconium nitrate and ammonium 
carbonate solutions. Chaiivenet ^ has reinvestigated the subject and 
finds that when a zirconium salt is precipitated by sodium carbonate of 
any concentration tlie compound ZrCO^.ZrOg.SligO is formed as a 
gelatinous, microcry stallinc mass which becomes ZrC04.Zr02.2ll20 
in an exhausted desiccator ; ZrC04 may be regarded as an ortho- 
carbonate or a basic carbonate ZrO.COg. When the above salt is 
heated beyond 60° C. it loses carbon dioxide and water, forming 
2ZrCO4.3ZrO2.3n2O, whicli at 250° C. yields a product of the composi- 
tion ZrCO4.3ZrO2.H2C), and at 400° C. is converted into zirconium 
dioxide. No anhydrous carbonate appears to exist, but when the 
dehydrated basic carbonate is exposed to a pressure of 30-40 atmos- 
pheres of earbon dioxide it is converted into the hydrated ortho- 
carbonate ZrC04.2ll20. 

Zirconium Organic Compounds. — ^A basic formate,^ the normal and 
basic acetate,® tlu' acetylacetone,’ and various oxalates and tartrates® 
of zirconiuKi have been prepared, as well as certain organic compounds 
of zirconium chloride.® 

Zirconium Silicide^ ZrSig, was obtained by Wedekind^® by reducing 
zireonia with excess of crystalline silicon, and by Honigsehmid by 
mcians of the Goldschmidt redaction, in which 200 grams of powdered 
aluminium, 250 grams of sulphur, 180 gram's of fine sand, and 15 grams 
of zirconium or 40 grams of potassium zirconifluoride, KgZrFg, were 
mixed togctlu'r in a llessian crucible, covered with a layer of powdered 
magnesium, and ignited. The jairified product forms small steel-grey 
crystals of the hardness of felspar and of density 4*88 ; the powdered 
substance burns when heated in the air and dissolves in hydrofluoric 
acid with evolution of hydrogen. Colloidal zirconium silicide has also 
been obtained by Wedekind.^® 

Zbreonium Silicate, ZrSi04, occurs naturally as the mineral zircon 
which has already been described ; and it has been produced syntheti- 
cally in various ways, ^.g.by heating zireonia or a mixture of zireonia 
and quartz in a current of silicon tetrafluoridc, by heating a mixture 
of zireonia and silica >vith lithium molybdate to 800° C.,^^ or a mixture 


' Berzelius, Ann, Chim. Phys., 1825, 337. 

2 Hermann, Jahreaber., 1886, 89, 191. 

® Mandl, Zeitsch. anorg, Chem.f 1903, 37 , 252. 

* Chauvenot, Bull. Soc. chim.^ 1913, fiv], 13 , 454. 

® Haber, Monatsh. 1898, 18 , 687. 
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Hertzmann, Bcr., 1907, 40 , 810. 

’ Biltz and Clinch, Zeitsch, anorg. Chem., 1904, 40 , 218. 

® PaykuU, Her., 1879, 12 , 1719; Mandl. loc. cit.; Rosenheim and Franlt, /icr., 1907, 
40 , 803; Venable and Baskerville, J, Amur. Chem. Boc.^ 1897, 19 , 12. 
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Wedekind, Bet., 1902, 35 , 3932. 

Honigsehmid, Compt. rend.t 1906, 143 , 224. 
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** Deville, Compt. re^,, 1801, 52 , 780. 
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of gelatinous zirconia and gelatinous silica nearly to redness under 
pressure.^ 

ZIRCONIUM AND HOUON 

Zirconium Boride, ZrglJ^, was obtained ])y Tucker and Moody ^ as 
a hard, crystalline, didicullly fusible substance by heating together 
5 grams of /ireonium and 11 gram of boron by means of a current of 
200 amperes at 05 volts. Wedekind ^ also obtained a boride in the 
reduction of zirconia by boron in the electric furnace. 

ZIRCONIUM AND VANADIUM, MOLYBDENUM, AND 
TUNGSTEN 

The complex salts .7ZrCl,.7/Zr;j(V04)4.sZr0„ ZrCl4.2Zr(W04)2.2Zr02. 
and the molybdate Zr(Mo04)2 have been ])r(‘parc‘d.^ 

DETECTION AND ESTIMATION OF ZIRCONIUM 

Many investigations have been made of the analytical behaviour of 
zirconium in order to distinguish it from thorium and the medals of the 
rare earths, and to se[)arate it quantitatively from iron, titanium, and 
other metals with wdiich it occurs naturally. 

Detection. — Sodium and potassium hydroxides, ammonia, and 
ammonium sulphide solutions precipitate zirconium hydroxide, which 
is insoluble in excess of alkali hydroxide and is thus distinguished froju 
the hydroxidcis of aluminium and glucinum. Ammonium carbonate 
solution produces a floccukmt preeij^itate of basic carbonate, which is 
soluble in excess of the reagent, but is reprecipitated on boiling. 

There arc three reactions by which zirconium is distinguished from 
thorium. 

( 1 ) Solution of oxalic acid or of an oxalate precipitates white zirco- 
nium oxalate, which is soluble in cxc(*ss of either reagent. In the case 
of thorium it is the neutral oxalate alone, and not also free oxalic 
acid solution which dissolves the precij)itated oxalate. 

( 2 ) Hydrolluoric acid precipitates thorium, but not zirconium; for 
zirconium fluoride, unlike tliorium fluoride, forms a double or complex 
fluoride wath a soluble fluoride added in excess. 

( 3 ) From a cold solution of a zirconium salt potassium sulphate 
gradually precipitates potassium zirconyl sulphate, but from a boiling 
solution a basic zirconium sulphate insoluble in dilute hydrochloric 
acid is precipitated. Thorium does not form such an insoluble basic 
sulphate. 

Hydrogen peroxide precipitates zirconium peroxide from neutral 
or slightly acid solutions of zirconium salts ; in presence of alkali there 
is no precipitation since the alkali perzirconates are soluble in water, 
and by this means iron can be separated from zirconium. 

Sodium thiosulphate precipitates zirconium hydroxide mixed with 
sulphur. Turmeric paper is coloured reddish brown when moistened 
with a hydrochloric acid solution of a zirconium salt and then dried. 

Zirconia is distinguished from other earths by its infusibility in the 
oxyhydrogen flame, in which it glows brightly. 

^ Chrustschoff, Jahrh, Miner., 1892, ii, 232. 

* Tucker and Moody, Proc. Chem. Soc., 1901, 17 , 129. 

» Wedekind, Ber., 1902, 35 , 3929. 

* Tanatar and Kurovski, J. Btiss. Phys. Chem. Soc., 1909, 41 , 813. 
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Estimation. — Zirconium is invariably estimated by being converted 
into the dioxide ZrOg, which is ignited and weighed as such. Com- 
pounds of iron and titanium, howevtT, frequently occqr together with 
zirconium, and various methods have been d(i\is('d to separate the 
latter metal from tlie two former metals. 

Separation of ZArconhim and Iron . — Since zirconium is not preci- 
pitated by sodium hydroxide in presence of hj^lrogen peroxide, iron 
may be quantitatively separated as ferric hydroxide by adding to the 
mixe d solution sodium pere)xide elissoive el in icc-wateT ; the zirconium 
can tlien be estimated in the filtrate. ^ 

On the other hand, concentrated hydrogen pe^roxide precipitates 
zirconium pe^re)xide fremi acid solution, anel acce)reling to Bailey ^ this 
reiaetion sullic(‘s to separate zirce)nium frean iron anel titanium. 

Ire)!! can also bei quantitative^ly se'})arateel from zirconium and other 
metals by the use of nitroso- p-naphthed.^ According to Rivot ^ iron 
may be estimated whem obtained as ferric oxide mixexl with unreelucible 
oxides by deite.*rmining the loss of weight which is caused by reduction 
in hydre)gen ; and Gutbier and Iluller ^ liavc applieel this method to 
the estimation of iron and zirconium. According to Danied and Lebcrlc,® 
howe ver, the me^thod gives variable results according to the proportion 
of iron j)rcsent, and the epiestion has been the subject of considerable 
controvcTsy.*^ 

Titanium and zirconium cjin be separated from iron by passing 
hydrogen sulphide through a solution of the mixed sulphates to rc'duce 
the iron, displacing hydrogen sulphide by sulphur dioxide to prevent 
oxidation, and adding sodium acetate, ammonium sidphate, sulphurous 
acid or sodium thiosulphate, all of which precipitate titanium and 
zirconium, leaving iron in solution.® 

Separation of Zirconium and Titanium . — ^The following method of 
estimating zirconium and titanium, wdicn they occur togt^thcr — ^as, 
for example, in rocks — ^is recommended by Dittrich and Pohl.® The 
precipitated oxides are fused with potassium hydrogen sulphate, and 
the solution of sulphates thus obtained is reduced with hydrogen 
sulphide. Tartaric acid is then added, followed by ammonia and 
ammonium sulphide ; thus the iron alone is precipitated. The tartaric 
acid is removed from the filtrate, and the titanium and zirconium are 
then ])recipitated and weighed together. The mixture is subsequently 
dissolved in potassium persulphate solution, sulphuric acid and hydrogen 
peroxide are added, and the titanium is then estimated colorimetrically. 

An alternative method for separating titanium and zirconium^® 
consists in adding a solution containing their nitrates, neutralised with 
sodium carbonate, to a boiling concentrated solution of ammonium 
salicylates Tlie zirconium is precipitated, and all the titanium is in the 
filtrate. 

^ Geisow and Horkheimor, Zeitsch. anorg. Chem., 1902, 32, 372. 

® Bailo3% Tram. Chera. Sctc.. 1886, 49, 149, 481. 

® Knorro, Zcitsch. angeu). 19()4, 17, 641, 676. 

* liivot, Ann. Chirn. Phys., 1850, [iii], 30, 188. 

® Gutbior and Hiiller, Zdtsch. anorg. Chsm., 1902, 32, 92. 

® Daniel and Leberle, ZpUf^ch. anorg. Chem., 1903, 34, 393. 

’ Daniel, liberie, Gutbier, and Trenkner, ZettecA. anorg. Chem., 1903, 36, 302; Daniel, 
ibiiJ.f 37, 475 ; Gutbier, ibid., 1904, 39, 257. 

* Dittrich and Freund, Zeitsch. anorg. Chem., 1907, 56, 337. 

“ Dittrich and Pohl, Zeitsth. anorg. Chem., 1905, 43, 236. 

Dittrich and Freund, Zeitsch. anorg. Chem., 1907, 56, 344. 



CHAPTER VI 

< THORIUM AND ITS COMPOUNDS 

THORIUM 

Symbol, Th. Atomic weight, 232'4 (0 = 16) 

Occurrence. — Thorium was first discovered in minerals occurring in 
Scandinavia. The chief of these are thorite and its gem-variety 
orangUc, which are silicates of very complex composition. Thorite 
contains nearly 60 per cent, of thoria, about 20 per cent, of silica, 
and smaller quantities of uranic, ferric, manganic, copper, magnesium, 
potassium, sodium, lead, tin, and aluminium oxides. Scandinavian 
mijierals containing smaller quantities of thoria arc : monazite (phos- 
phate), gadolinite (silicate), euxenite (columbo-tantalate), samarekite 
(eolnmbo-tantalate), and numerous other minerals in which the ter- 
valeiit rare earth elements occur in considerable quantities. A 
mineral richer in thorium than any of the preceding is thorianite} 
which contains about 80 per cent, of thoria associated with the 
oxides of uranium and the tervalent rare earth elements. This 
mineral was discovered in Ceylon about 1904, but unfortunately is 
rather scarce, and therefore does not constitute an important source 
of thoria. In the earlier years of the incandescent gas mantle, that 
is about 1885, the world-supply of thoria was insufficient to meet the 
demand. 

Subsequent to 1895, however, large quantities of monazite have 
been discovered, not in the form of the crystalline mineral, but in the 
form of monazite sand. These sands have been produced by the 
weathering of rocks which originally contained a very small percentage 
of monazite, and the subsequent washing away of the lighter materials 
produced. The monazite in the sands is associated with numerous 
other minerals, from which, however, it may be separated without 
much difficulty. Monazite is essentially an orthophosphate of the 
cerium group of rare earth elements, but it almost invariably contains 
some thorium, probably as phosphate.* Deposits of monazite sand 
occur in various parts of the globe, notably in Brazil and in the native 
State of Travancore, India. These sands constitute almost the only 
source of the thorium used in the gas-mantle industry. The composition 
of Brazilian sand, as concentrated for exportation, varies between the 
following limits ® : 

* Dunstan aud Blako, Froc. Roy. Soc., 1905, A, 76 , 253 ; Dnnstan and B. M. Jones, 
m., 1906, A, 77 , 646. 

* Kress and Metzger, J. Amer. Chem. Soc., 1909, 31 , 640. 

* This and other information in this section is gleaned from a lecture on “ Thorium 
and its Compounds,” delivered before the Institute of Chemistry by Edmund Wliito, 
1912. See ^ Johnstone, The Rare Earth Industry (Crosby Lockwood and Son, 
Ltd., 1916) ; Levy, The Rare Earths (Arnold, 1915). 
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I Y 2 O 3 l-“5 per cent 

' 20-30 per SiOa 1-4 

I cent. AlgO-j, FcoO-^, MiiO, 

Cab, Mgb, rbo, 
Sn 02 , traces. 

Concentrated Travancore sand is considerably richer in thorium 
than the above. The North American (North and South Carolina, 
Idaho) deposits of monazite sand are now of little or no commercial 
value. ^ 

Thorium is found in minute quantities in various igneous and 
sedimentary roeks.^ 

History* — In 1817 Berzelius ® examined the Swe dish mineral now 
known as ^adolinite, and isolated from it what he bcilicved to be a new 
earth, the oxide of a metal which he named thorium, after the Scandi- 
navian god Thor. Subsc^piently, however, Berzelius ^ concluded that 
his earth was a basic ]:)hosphate of yttrium, a metal which had been 
discovered by Gadolin in 1794. In 1S2S,^ however, he prei^ared from 
a mineral now known as thorite, from the island of Lovon, near Brevig, 
in Norway, a new earth, ratluir resembling th(* fornuT product, which 
he named thoria. He then showed that the new clement resembled 
zirconium in properties. In 1851 Bcrgcmann ® announced the discovery 
of a new metal, which he called donarium, in the mineral orangite, but 
Damour,^ Berlin,® Delafontaino,® and Bcrgcmann^® himself subsequently 
showed donarium to be identical with thorium. In 1862 Bahr thought 
he had discovered, in a mineral from Ronsholm, a new metal which he 
called w^asium, but two years later he showed that wasium was 
identical with thorium. 

• Metallic thorium was first obtained by Berzelius in 1828, also by 
Chydeniiis in 1861, and in a purer state by Nilson in 1882. From 
experiments on the fractional distillation of the chloride Baskcrville,^® in 
1901, concluded that thorium contains two other elements which he 
named berzelium and carolinium. This opinion, however, has not 
been confirmed. 

Extraction of Thorium Compounds from Monazite Sand and other 
Minerals. — The economic value of monazite sand depends on the per- 

^ A fuller account of monazite sand and a selection of analyses of monazite will bo 
found in vol. iv, chap. x. 

® Blanc, Atti B. Accad, Lincei, 1909, [v], 18, I, 241, 289 ; Joly, Phil. Mag., 1909, [iv], 
17, 760 ; 1910, [vi], 20, 125. 

* Berzelius, Afhandl. Fys., Kem. och Min., 1817, 5, 76. 

* Berzelius, K, Svenska VeU-Akad. Handl., 1, 1824, 315. 

® Berzelius, K. Svenjfka Vet.-Akad. Handl., I, 1829, 1. 

® Bcrgcmann, Pogg. AnnaUn, 1851, 82, 682. 

’ Dainour, Compt. rend., 1852, 34, 685. 

® Berlin, Pogg. AnnaUn, 1852, 85, 655. 

® Delafontaine, Arch. Sci. phys. nut., 1863, i8, 343. 

Bcrgcmann, Pogg. Annalen, 1852, 85, 558. 

Bahr, Pogg. Annalen, 1862, 119, 672. 

Bahr, Annalen, 1864, 132, 227. 

Borzelius, Pogg. Annalen, 1829, 16, 385. 

Chydenius, Pogg. AnnaUn, 1861, 119, 43. 

16 Nilson, 1882, 15, 2537. 

»• Baskervihe, J. Amer. Chem. Soc., 1901 23, 761 ; 1904, 26 , 922 ; Ber,, 1906, 38, 1444 ; 
also Brauner, Proc. Chem. Soc., 1901, 17 , 67. 

” Meyer and Gumperz, Ber., 1906, 38, 37 ; Eberhard, ibid., 826. 


J. 11 W 2 o— / per cent. i^a 2 e /3 

P^Ob 25-80 „ Pr^Oj 

Ce.Os 25-35 „ Nd.O, 
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ccntagc of thoria it contains ; if this falls below 5 per cent, the value of 
the sand is reduced, if below 4 per cent, it becomes very small. Con- 
sequently means are taken to remove foreign matter occurring with the 
sand — first by means of water, in imitation of tidal action, and 
secondly, by taking advantage of the different magnetic susceptibilities 
of monazitc and its associated minerals. This concentration of the sand 
is effected prior to its exportation, and can be carried out so effectively 
that less than 5 per cent, of foreign matter remains in association 
with the monazite. 

For decomposing the sand it has been proposed to mix it with 
lime, coke, and a little fluorspar, and to heat the mixture in an electric 
furnace until phosphorus ceases to be evolved.^ TIkj usual plan, 
however, is to decompose it with siilphuric acid. The first step, known 
as “ breaking,” consists in heating the sand to about ‘2()()° C. with 
twice its weight of sulphuric acid of 1*84 density until the mona- 
zite is completely decomposed. A thick whitish paste is produced, 
which is gradually stirred into water and the insoluble matter allowed 
to settle. The solution then contains the sulj)hates of the various 
metals, together with th(^ excess of sulphuric acid and the phosphoric 
acid derived from the monazite. To separate' the thorium from this 
solution advantage is usually taken of the fact that thorium phosphate 
is less soluble in dilute acid than the phos])hat('s of the other metals 
that are present. Consecpiently, by partially neutralising the acid 
solution a precipitate is obtained rich in thorium j)hospliate. As a 
neutralising agent magnesia has numerous ndvantages ovx'r others 
that might be proposed. This fractional precipitation of the thorium 
phosphate must be repeated several times bt'forc a precipitate is obtained 
consisting almost entirely of the thorium salt, and a certain proportion 
of the thorium is inevitably lost in the mother-liquors which carry 
away the bulk of the other rare earth elements. 

The subsequent operations are concerned mainly with removing 
phosphoric acid and the remainder of the tcrvalent rare earth elements 
from the thorium. For eliminating phosphoric acid, the crude thorium 
phosphate may be dissolved in hydrochloric acid and the rare earths 
precipitated as oxalates by the addition of oxalic, acid. Numerous 
methods have been describc^d for removing the other rare earths still 
present ; these are based upon the following facts : (i) When thorium 
is precipitated, together with other metals, as basic carbonate by 
means of sodium carbonate solution, an excess of precipitant re- 
dissolves the thorium salt, whereas the carbonates of the cerium metals 
are almost insoluble in sodium carbonate and those of the 5 rttrium 
metals (which are present only in very small amount) are but slightly 
soluble ; (ii) thorium oxalate is readily soluble in ammonium oxalate 
solution, in which the oxalates of the accompanying rare earth elements 
are practically insoluble ; (iii) the hydrated sulphates of thorium and 
the accompanying rare earth elements are comparatively sparingly 
soluble in water and their relative solubilities are widely different ; 
and (iv) thorium acetate is considerably less soluble in water than the 
acetates of the other rare earth elements. 

The sulphate crystallisation (iii) is widely used. At 15® C. the 
following hydrates are in equilibrium with their solutions, and their 
solubilities are as follow : 


^ Baskervillo, J, Ind, JEng, Ch$m*j 1912, 4 , 821 ; Chem News, 1912, 106 , 271 
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Grams of Anhydrous Sul- 

Crystalline Phase, 

phate dissolved in 100 


grams of Water. 

T 1 i(S 04 ) 2 . 8 II .,0 1 

1-4 

CCj(S 04 ) 3 . 8 Il 5.0 

11 0 

Ndj(so4)3.8ir.,o 

70 

Prj,(S 04 ) 3 .Sli;o 

150 

La ^(SOJ 3.911 jjO ...... 

2-5 


At 55° C., however, tlic following conditions obtain : 



Grams of Anhydrous Sul- 

Crystalline Phase. 

phate dissolved in 100 
grams of Water. 

Th{S04),.4ll30 

2 0 

Ce3(S04);.4U.30 

2*3 

Nd 3 (S 04 ) 8 . 8 Il 30 

4?*5 

Pr 2 (S 04 )s. 8 ll 5.0 

70 

La3(S04)3.9H.30 

1*5 


Accordingly, so far as solubilities arc concerned, thorium sulphate 
can be separated from the acconijianying sulphates much better at 
15° C. than at 55° C., and for another reason it is essential for crys- 
tallisation to take j^lacc at a low temperature. The tetrahydrate 
Th( SO 4 ) 2.41120 is a flocciilent, unworkable precipitate ; it is the stable 
phase at temperatures above 43° C. when aqueous solutions arc used, 
and is stable at even lower temperatures in the presence of mineral 
acids (see p. 291). 

The final purification usually leaves the thorium in the state of 
hydroxide or basic carbonate, which is then converted into the nitrate 
for use in the manufactuni of incandescent mantles. 

Since thorium nitrate of a high degree of purity is prepared techni- 
cally on a large scale there is little or no need for the chemist to prepare 
his own thorium compounds from the minerals. When, however, this is 
desired, it is usually best to separate the total rare earths by precipitation 
with oxalic acid in a dilute acid solution. Monazite may, as usual, be 
decomposed with sulphuric acid, while thorite may be decomposed by 
either hydrochloric or sulphuric acid, silica removed in the usual manner, 
and traces of heavy metals precipitated with hydrogen sulphide. When 
the oxalates contain only a small percentage of the thorium salt a good 
method for the separation of the thorium is that devised by Wyrouboff 
and Vcrncuil and described in Volume IV.^ When the oxalates consist 
mainly of the thorium salt, conversion into sulphate and repeated 

^ This is the salt obtained in practice, but it is metastable with respect to the ennea* 
hydrate. 

* See this scries, vol. iv, p. 320. 
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recrystallisation is a uscfiil process, and it is then advisable to have 
separated the rare earths as hydroxides, by i)recipitation with ammonia, 
before converting them into oxalates.^ 

For the final purification of thorium compounds in the laboratory 
the following methods are available, in addition to the sulphate method : 
(i) precipitation of the thorium as hydrated peroxide by adding a 
solution of pure hydrogen peroxide to a neutral or faintly acid solution 
of nearly pure thorium nitrate ^ ; (ii) fractional prexipitation of the 
thorium as chromate ^ ; (iii) precipitation as thorium oxalate by 
adding oxalic acid solution, drop by drop, to a boiling solution of the 
nitrate strongly acidified with nitric acid, until a feiv drops of the 
precipitant produce no further effect ^ ; (iv) crystallisation of thorium 
acctylacetone from chloroform and sublimation of the product in 
vacuoJ* For practical details of the processes the reader is referred 
to the literature. 

Preparation of Metallic Thorium. — Thoria is an oxide which is reduced 
with great difficulty ; and, owing to the tendency of thorium to com- 
bine with nitrogen, carbon, and other elements, it is doubtful if the 
metal has ever been obtained in a state of purity. 

Thorium has been prepared by heating potassium thorium chloride, 
2 KCl.ThCl 4 , with sodium® in a sealed iron cylinder, and by the reduction 
of thoria with magnesium.'^ When, however, thoria is reduced with 
silicon or aluminium a silicidc or an alloy with aluminium is produced,® 
whilst reduction with carbon in an electric furnace yields the carbide ® 
ThCg, or a mixture of this with metal. A better product has been 
obtained by heating thorium chloride, sublimed in a current of hydrogen, 
with sodium in an evacuated glass tube ; and the same method has 
been employed by von Bolton, who has obtained the metal in the 
form of a shining ribbon by compressing it with copper, rolling, and 
then dissolving the copper in nitric acid. Von Warfcenberg has 
prepared the metal by the electrolysis of thorium chloride dissolved in 
a fused mixture of potassium and sodium chloridc^s. Thorium has 
also been produced by the reduction of some of its volatile organic 
compounds, e,g, the acetylacetone, by sodium vapour.^® 

Properties of Thorium. — The metal obtained by Nilson, which was 
not free from oxide, was a dark grey, soft, shining powder consisting 

^ See Nilson, Ber., 1882, 15 , 2521 ; Cemft, rend,^ 1882, 95 , 729 ; KriiHs and Nilson, 
Oefvers. K» Svemka Vet,-Akad. Forhandl., 1887, No. 5 ; Ber., 1887, 20 , KJflo ; Dclafon- 
taine, Arch. Sci. phys. nat., 1803, i 8 , 343 ; Bunsen, Fogg. Annalcn. 1875, 155 , 379. 

* Wyrouboff and Verncuil, Bull. Soc. chim,, 1897, [iiij, 17 , 079 ; 1898, 19 , 219 ; Compt. 
rend., 1898, 126 , 340 ; 127 , 412 ; Ann. Chim. Phya., 1905, [viiij, 6 , 484. 

® Muthmann and Baur, Ber., 1900, 33 , 2028 ; Baur, D.li.P., No. 120013. 

* Brauner, Trana. Chem. Soc., 1898, 73 , 983, whore the further purification of this 
precipitate is also described. 

® Urbain, Ann. Chim. Fhya., 1900, [viil, 19 , 184 ; W. Biltz, Anrmlen, 1904. 331 , 350. 

« Berzelius, Fogg. Annalen, 1829, 16 , 385; Chydenius, Fogg. Annalen, 1801, 119 , 43 ; 
Nilson, Ber., 1882, 14 , 2537. 

^ Winkler, Ber., 1892, 24 , 873. 

* Honigsehmid, Compt. rend., 1905, 142 , 157, 280. 

® Troost, Compt. rend., 1893, Ii5, 1227 ; Moissan and Etard, Compt. rend., 1896, 
122 , 573 ; Ann. Chim. Fhya., 1897, [vii], 12 , 427. 

Moissan and Honigsehmid, Ann. Chim. Fhya., 1905, [viii], 8, 182; see also Lely and 
Hamburger, Zeitach. anorg. Chem., 1914, 87 , 209. 

Von Bolton, Zeitach. EhJctrochem., 1908, 14 , 768. 

Von Wartenberg, Zeitach. EleJdrochem., 1909, 15 , 866 . 

“ Siemens and H^iske, Ger. Pat., 1900, 133959. 
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of microscopic, hexagonal plates ; it had a density of 11*0, whence 
that of the pure metal was calculated to be 11*10. Von Bolton’s metal 
had a density of 11*82 and, after rolling and heating, 12*10. The specific 
heat of thorium, according to the mean of six determinations made by 
NilsOn,^ is 0*02787. The metal burns brilliantly to the oxide when 
heated in the air, though less easily in the form of ribbon than in 
powder. Its heat of combustion is given by the equation 

Th -|- O 2 = Th02 + 326,000 0*5 per cent, calories.* 

It melts at about 1450° C. in a vacuum (von Bolton) ; von Wartenberg’s 
metal, however, containing about 2 per cent, of carbide melted at 
1700° C. In colour, softness, and ductility thorium resembles platinum. 
It combines, on heating, with the halogc^ns, sulphur, hydrogen, and 
nitrogen ; it dissolves with difficulty in hydrochloric acid, and its 
reaction with nitric acid soon comes to a standstill, owing to the metal 
becoming passive ; it dissolves rapidly in aqua regia, but alkalis are 
without action upon it.* Colloidal thorium has been obtained by 
Wedekind and Baumhauer.^ The radioactivity of thorium will be 
dealt with in a special section. 

The most intense lines in the arc and spark spectra of thorium are 
as follow * : 

Arc: 3188*33, 3511*76, 3741*36, 4019*29, 4382*02, 4391*29, 

4752*60, 4863*38, 4919*99, 5017*39, 5049*93, 5989*22, 6462*83. 

Spark : 2441*38, 3221*40, 3290*73, 3300*63, 3313*87, 3507*72, 

3538*90, 4019*30, 4382*10, 4391*30. 

The most persistent si)ark lines, which should b(^ looked for when seeking 
traces of thorium, are as follow® : 

2549*7, 2554*8, 2555*3, 2870*5, 3290*7, 4382*1, 4391*3. 

ATOMIC WEIGHT OF THORIUM 

It was assumed by Berzelius, who first investigated thorium and 
its compounds, that thoria is analogous to magnesia, and should 
therefore be represented by the formula ThO, tlie metal having an 
atomic weight of approximately 116. The formula ThO 2 was first 
adopted by Delafontaine in 1863, on account of th(^ isomorphism of 
thoria with tinstone and rutile, and of certain complex salts of thorium 
with similar salts of zirconium. That the atomic weight of thorium is 
about 232 is proved by the following facts : 

(i) TJae radioactivity of thorium shows it to be an element of high 
atomic weight. 

(ii) The specific heat of thorium is 0*02787. Assuming a mean atomic 
heat of 6*4, the atomic weight by Dulong and Petit’s Law is about 
230. 

(iii) The transparency of thorium to X-rays is in accordance with a 
value for the atomic weight equal to four times the equivalent weight.’ 

1 Nilson, Ber., 1883, 16, 153; Compt rend., 1883, 96, 346. 

2 Von Wartonborg, Zeitsch. Elektrochem., 1909, 15, 866. 

* Moissan and Honigsclimid, Ann, Ghim. Phya,, 1905, [viii], 8, 182. 

^ Wedekind and Baumliaucr, Zeitseh, Chem, Ind, Kolloide, 1909, 5, 191. 

® Bxner and Haschek, Die Spektren der Ekmente bei normalem Druck (Leipzig and 
Wien, 1911). ^ c 

* Leonard, 8 ci, Proc. Roy. DM, 80 c., 1908, ii, 270. 

’ Bonoist and 0)paux, ComjA. rend., 1914, 158, 689. 
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(iv) Not only is thoria isomorj>hous with cassitcrite and 
rntilc, but the complex nitrates of thorium and cerium of the type 
MgRiv(N03)6.8n20, and thorium and iiranous sulphates Riv(S04)2.9ll20, 
arc also rcs])cctiv(dy isomor])hous. Hence by analysing these com- 
pounds and applying Mitscherlich’s Law of Isomorphism an atomic 
weight of 232 is arrived at. 

(v) An appropriate position is found for thorium in the periodic 
system if its atomic weight is 232. 

Numerous attempts have been made to determine accurately the 
atomic weight of thorium. 

Berzelius ^ converted the oxide into the sulpliate and then preci- 
pitated the latter with barium, obtaining the mean value of 238-9, cal- 
culated according to modern atomic weight values ; Chydenius ® analysed 
the simple and complex sulj)hates, and also the acetate, formate, and 
oxalate. The mean atomic weight calculat(‘d from his values is 236*83. 

Delafontaine ^ estimated the thoria in the hydrated sulphate 
111(804)2.91120, and obtained the value 232-34. 

Th(? foregoing results arc now' merely of historical interest. Cleve ^ 
analys(^d the anhydrous sulphate as well as the oxalate ; Nilson •'* 
('stimated the thoria in Th(S04)2.9H20 and also in the anhydrous 
sulphate ; Kriiss and Nilson ® likewise determined the ratio ThOg : 2SO3. 
Estimations have also been made by Hermann,’ Brauncr,® IJrbain,® 
W. BilLz,^® and by Meyer and Gumperz.^^ 

Thci more important of these researches are given in the following 
table : 


Authority. 

Ratio. 

Atomic Weight 
of 

Thorium.^® 

Cleve (1874) 

Th(S04)jj : ThOg = 100 : 62-423 

234*01 


Th02:4C02 = 151114: 100 

233-98 

Nilson (1882) 

Th(S04)2.9ll20 : ThO, 

232-64 


= 100 : 45-091 

232-51 

Kriiss and Nil- 

Th(S04)j : ThO^ = 100 : 62-297 

232-59 

son (1887) 

Meyer and Gum- 

Th(S04)2 : ThOj = 100 : 62-297 

232-59 

282-49 

perz (1905) . 

Th(S04)j : ThOg = 100 : 62-288 

282-45 


^ Berzelius, Pogg, Armalen, 1829, 16 , 398. 

® Chydenius, Pogg, Aniuilen^ 1861, 119 , 43. 

® Delafontaine, Arch, Set. phys. nat, 1863, [ii], 18 , 343. 

* Cleve, Uihanvg K> Svemka Vet.-Akad, llartdl., 1874, 2 , No. 6 . 

® Nilson, jBer., 1882, 15 , 2619. ® Kriiss and Nilson, Bcr., 1887, 20 , 1665. 

Hermann, J, prakt, Chem., 1864, 93 , 114. 

® Brauner, Zeiisch. anorg, Chem,, 1903, 34 , 207 ; Proc, Chem, Son,, 1898, 191 , 68 , and 
1901, 23 s, 67 ; Trans. Cherru Soc., 1898, 73 , 951. 

• Urbain, Ann. Chim, Phys., 1900, [vii], 19 , 223. 

W. Biltz, AnnaUn, 1904, 331 , 360. R.J. Meyer and Gumporz, Ber., 1905, 38 , 817, 
Based upon the following values for the fundamental atomic weights : O = 16*000; 
S« 32 065; H = 1*00762. 

^ Recalculated by Brauner and corrected to vacuum weighings. See Handbuch der 
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The figure adopted by the International Atomic Weights Com- 
mittee from 1900 to 1908 was 232 * 5 . In 1909 the value was changed 
to 232 - 42 , and at the present time ( 1917 ) the figure accepted is 2 ^* 4 . 
This value is in need of revision, for it is almost impossible to be certain 
that thoria (which figures in all the above ratios) was weighed free from 
moisture and adsorbed gases. ^ 

COMPOUNDS OF THORIUM 

Thorium appears to be strictly quadrivalent in all its compounds ; 
and though it is by no means a powerful metal, on the whole, base- 
producing predominate over acid-producing properties. The following 
is an epitome of the chi(‘f compounds of thorium : 

Hydride Thll^. 

Fluoride ThF4 ; also ThOFg, double fluorides, silici- 

fluoride. 

Chloride ThCl4 ; ThCl4.8H20, oxychloride, addition com- 

pounds, complex chlorides. 

Bromide ThBr4 ; hydrate, oxybromide, addition com- 

pounds. 

Iodide Till 4 ; hydrate ; oxyiodide. 

Chlorate, bromate, iodate, iierchlorate. 

Dioxide ThOg ; meta-oxide ; hydroxide, Th(OH)4. 

Superoxidcs Th207 ; ThOg. 

Sulphide ThS^; ThOS. 

Sulphite Th(S03).2.H2D ; complex suljihiitis. 

Sulphate Th(S04)2 ; various hydrates ; double or complex 

sulphates. 

Selenite Th( 8003)2.1X20 ; acid sclcnites. 

Selenate Th(Se04)2.9H20. 

Nitride Th^Nj. 

Nitrate TlhNO.,)4.12H20 ; complex nitrates. PhospJiate. 

Carbide ThCa- 

Carbonates Basic and complex salts. Various salts of organic 
acids. 

Silicide ThSig. 

Sili cates ThSiO 4 ; ThSi gO g. 

Borides ThB4 ; ThBg. 

Thorium Hydride, ThH4. — It was observed by Winkler ^ that a 
heated mixture of thoria and magnesium absorbs hydrogen, and it 
was supposed tluit the greyish black product contained ThHg. Mutig- 
non,^ however, obtained the hydride ThH4 by the combination of the 
metal with hydrogen at a red heat. It is a solid not acted on by water 
but dissolved by hydrochloric acid with evolution of hydrogen, thus : 

Thll 4 -I- 4 HCi = ThCl 4 + 4H2. 

The formula was established by the measurement of the hydrogen 
evolved from a known W(‘ight of hydride. The hydride dissociates 

anorganischen Ghemief Abogg and Auerbach, 1909, vol. iii, and using the following ante- 
cedent data : 0 ^ 16 000 ; 8 = 32-06 ; H = 1-007. 

* Holmes and Lawson {Fhil. Mag., 1914, [vii], 28 , 823) announce that Hbnigsehmid 
has redetermined the atomic weight of thorium, and found Th 232-2. Details are at 
present lacking. 

a Winkler, Ber,, 1891, 24 , 873. ^ 

® Matignon, Oompt. rend., 1900, 131 , 891. 
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when heated, and at 390 ® C. dissociation is complete under atmospheric 
pressure.^ 


THORIUM AND TITO HALOGENS: HALIDES 

Thorium Fluoride, Thl^. — Anhydrous thorinin fluoride, ThF4, is 
obtained as a white, amorphous powder by passing? hydrogen fluoride 
over the chloride or bromide, heated to 350 ®~ 4 ()()® 

The hydrated fluoride ThF4.4ll20 is formed as a gelatinous j)reci- 
pitate, passing into a heavy white powder, when hydrofluoric acid is 
added to a solution of a thorium salt. Unlike zirconium fluoride, 
thorium fluoride is insoluble in hydrofluoric acid ; this difference 
furnishes a means for the quantitativ^e se])aration of the two iru'tals.® 
When strongly ignited in air the fluoride leaves a residue of thoria.^ 

Thorium Ox^uoride, ThOFg, is formed when the ]>r(!cipitated 
hydrated fluoride is heated to 800 ° C. in a stream of anhydrous hydro- 
fluoric acid. 

Thorium Double Fluorides.— “Thorium fluoride appears to form 
sev(Tal double salts with alkali fluorides, but since these are all insoluble 
in water their chemical identity is somewhat doiibtfiil. 

Potassium Thorifluoride, KgThFg.HlgO, is foruK'd as an amorphous, 
insoluble powde^r wlien freshly precipitated thorium hydroxide is boiled 
with a concentrated solution of potassium fluoride containing hydro- 
fluoric acid.® The precipitate obtained by adding thorium chloride to 
potassium hydrogen fluoride solution is possibly KThgFg.ClIgO, whilst 
with neutral potassium fluoride the product is KThFg.HgO. When 
thorium fluoride and potassium fluoride arc fused together and the mass 
is extracted with water KThFg remains ; and when acidifi(?d rubidium 
fluoride is added to a thorium salt solution RbThF 5, SllgO is precipitated.® 
The amorphous and insoluble natur(\s of these compounds differentiate 
them from other double or complex fluorides of the fourth groiq). 

Thorium Chloride, Th Cl 4, was })reparcd by Berzelius ’ by the chlori- 
nation of a mixture of thoria and carbon, heated in a porcelain tube ; 
by Smith and Harris ® through the interaction of thoria and phosphorus 
pentachloride ; and by Kriiss and Nilson ® by heating the metfil to 
redne ss in a stream of hydrogen chloride gas. Thorium chloride has 
been obtained by Rosenheim, Samter, and Davidsohn,^® together with 
two hydroxychlorides, by the interaction of freshly precipitated thorium 
hydroxide and alcoholic hydrogen chloride. Thus the two crystalline 
products Th(0H)2Cl2.5H20 and Th(OJI)3C1.7H D separated under 
different conditions ; and from the mother-liquor ThCl4.8ll20 and 
ThCl 4.911 2O were obtained in crystals. Matignon and Bourion pre- 
pared anhydrous thorium chloride in large prismatic needles by passing 
a mixture of chlorine and the vapour of sulphur monochloride (SgClj) 

^ Matignon and Delepine, Ann, Ckim. Phys.^ 1907, fviii], lo, 130. 

2 Chauvenot, Compt. rend., 1908, 146 , 973. 

® Delafontaino, Chem. News, 1897, 75 , 230. 

• Chydenius, Pogg, Anncden, 1861, 119 , 43. 

® Chydenius, Pogg. Annalen, 1861, 119 , 43. 

• Rosenheim, Samter, and Bavidsohn, Zeiisch, anorg. Chem., 1903, 35 , 424. 

’ Berzelius, Pogg. Annalen, 1829, i 6 , 385. 

® E. F. Smith and Harris, J. Amer. Chem. Soc., 1895, 17 , 654. 

• Kriiss and Nilson, Ber., 1887, 20 , 1665; Zeitsch. physikal. Chem., 1887, i, 301. 

Rosenheim, Samter, and Bavidsohn, loc cit. 

^ Matignon and Bourion, Compt. rend., 1904, 138 , 631. 
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over heated thoria, and Rourion has found that the vapour of sulphur 
monochloridc alone is sufficient ^ ; whilst Moissaii and Martinson ^ 
obtaini'd thorium chloride in colourless crystals by the action of 
chlorin(‘ on thorium carbide at high temperature ; and, lastly, Matignon 
and l)(‘l(:pine ^ liavc prepared it by passing a current of carbon mon- 
oxide and chlorine over thoria heated strongly in a porcelain tube, or 
by the action of carbon tetrachloride vapour on thoria heated below the 
melting-point of the chloride, the principal reactions being : 

f ThOa + CCI4 == ThOClg f COCI2 ; 

IThOCla + CCI4 - ThCl^ -f COClg. 

According to Chauvenct,^ however, thorium chloride is most con- 
veniently prepared, free from oxychloride, by heating the dioxide 
in a current of carbonyl chloride. The heat of formation of thorium 
tetrachloride is given by the equation 

Th -I- 2Cl£ =-= ThCl 4 4- 300,200 ± 0*67 per cent, calories.® 

Thorium chloride forms colourless crystals of density 4-59 ; it 
sublimes at 720° -750° C., forming shining tablets, and melts at 820° C. 
It is deliquescent and dissolves readily in water, whence it ciystalliscs 
as the hydrate ThCl4.8H20. When this hydrate is dried at ordinary 
temperature and pressure it yields ThCl4.7H20 ; and this salt, when 
heated to 50° C. in a current of dry hydrogen, passes into ThCl4.4ll 20, 
which at 100° C. yields ThCl4,2ll20. Above 100° C. basic chlorides 
are formed. The heats of solution of the anhydrous salt and the 
different hydrahis are : ThCl 4 , 56,700 calorics ; ThCl4.2ll20, 41,080 
calories ; ThCl4.4H20, 20,230 calorics ; ThCl4.7H20, 14,700 calories ; 
ThCl4.8ll20, 11,450 dalorics.® 

The hydrated chloride is readily prepared by dissolving the hydroxide 
in concentrated hydrochloric acid and saturating the cold solution 
with hydrogen chloride gas. The salt separates out as a beautiful 
white crystalline precipitate, and the yield is practically quantitative 
if an equal volume of ether be added while the gas is being passed into 
the solution.’ 

Thorium Oxychloride, ThOClg, which is tlie first product of the 
interaction of thoria and carbon tetrachloride, may be isolated in the 
form of small colourless needles, which dissolve in water without 
decomposition.® It is also formed when ThCl4.7H20 is heated to 250° C. 
Its heat of solution in water is 28,150 calories at 13° C. (Chauvenet). 
Crystallo-hydrates with 3, 5, and 6 molecules of water are known. 

Addition Compounds of Thorium Chloride ; Complex Thorium 
Chlorides. — ^Thorium chloride forms compounds with 4, 6, 7, 12, and 
18 molecules of ammonia, of which ThCl4.4NH3 is the only compound 
stable above 120° C. ; when heated it forms successively Th(NH 2)4 
and ThCNHa)^-® Thorium chloride also forms addition compounds with 

^ Bourion, A 7 in. Chim, Phys., 1910, [viii], 20, 547 ; 21, 49. 

^ Moissan and Martinson, Uompt. rend,t 1905, 140, 1510. 

* Matignon and Dolepine, Ann. Chim. Phys., 1907, [viii], 10, 130. 

* Chauvenet, Oowip. rend., 1908, 147, 1046. 

® Von Wart-enberg, Zeitsch. Elefctrochem,, 1909, 15, 866. 

® Chauvenet, Gompt, rend., 1909, 149, 289. 

^ Private communication from H. P. V. Little; cf. Matthews, J. Amer. Qhem* 80 c,, 
1898, 20, 815, 839. 

® Matignon and Delepine, Ann. Chim. Phys., 1907, [viii], 10, 130. 

® Chauvenet, Compt. rend., 1910, 157, 387 ; Ann. Chim. Phys., 1911, [viii], 23, 276. 
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various organic bases, and with ethyl alcohol, acetone, and various 
aldehydes. 

Thorium chloride shows some tendency to combine with alkali or 
other clilorides to form complex salts, which, however, are not very well 
defined. Berzelius ^ appears to have obtained a potassium thorium 
fluoride, to which Clevc ® attributed tlie formula 2Th('l4.KC1.18H.>0 ; 
whilst Chydcaiius^ obtained the salt ThCl 4 . 8 NH 4 Cl. 8 n 2 O. Wells 
and Willis^ prepared the caesium salts 3 CsCl.ThCl 4 . 12 ll 20 and 
2 CsCl.ThCl 4 . 111 l 20 ; but on account of the hygroscopic nature of 
these compounds there was some uncertainty as to th(j amount of 
their water of crystallisation. Chauvenet ® has prepared a number 
of double chlorides of thorium and the alkali metals, with and with- 
out water of crystallisation. Cleve ® obtained the platinum compound 
ThCl 4 .PtCl 4 . 12 H 20 , and Nilson ’ the compound 2ThCl4.3PtCl2.24H20 ; 
the pyridine and quinoline salts (CgHgNlg.HgThCle and (C^H 7 N) 2 .H 2 ThCle 
respectively, have also been obtained.® 

Thorium Bromide^ ThBr 4 , is prepared similarly to the chloride, 
t.<?. by the union of its elements, by acting on a heated mixture of thoria 
and carbon with bromine vapour, and by brominating thorium carbide 
at high temperature (Moissan and Martinsen ®). It may also be obtained 
conveniently by the method of Bourion,^® which is generally applicable 
to the preparation of anhydrous metallic bromides from their oxides. 
This method consists in the simultaneous action of sulphur chloride 
vapour and hydrogen bromide on the metallic oxidcj heated to a suitable 
temperature. Thus a white mass of ThBr 4 is obtained when sulphur 
chloride vapour at 135*^ C., mixed with hydrogen bromide, is distilled 
on to heated thoria, whilst if the temperature is lowered to 125® C. 
ThOBrg results. 

Anhydr< 3 us thorium bromide forms on sublimation transparent 
colourless needles of d(msity 5-62. It sublimes in vacuo at C00®-620® C. 
and boils at about 725® C. It is hygroscopic, and easily soluble in 
water and alcohol. From a solution of thorium hydroxide in aqueous 
hydrobromic acid the crystallohydrate ThBr 4 . 10 H 2 O was obtained by 
Jannasch^^ ; other observers have described the hydrates ThBr 4 . 8 n 20 ® 
and ThBr 4 . 71120.^2 According to Chauvenet^® the dodekahydrate 
ThBr 4 . 12 H 20 is obtained in needles by evaporating at 100 ® C. a solution 
of thorium hydroxide in alcoholic hydrogen bromide, and this salt 
when dried in the air passes into ThBr 4 . 10 H 2 O, which in a vacuum 
becomes ThBr 4 . 7 H 20 . The heats of solution of the anhydrous salt and 
the different hydrates are : ThBr 4 , 70,190 calories, ThBr.i, 7 H 20 , 22,550 
calories; ThBr 4 . 10 HaO, 9,840 calorics; ThBr 4 . 12 ll 20 , 2,300 calories. 

* Berzelius, Pogg. Annaleny 1829, i6, 385. 

Cleve, BulL Soc, chim,, 1874, [ii], 2i, 116. 

® Chydeniua, Pogg. Annalen, 1861, 119, 43. 

* Wells and Willis, Afner, J. 8 ci., 1901, [iv], 12, 191. 

* Chauvenet, Compt. rend.t 1909, 148, 1267, 1519. 

® Clove, BulL 80 c. chim., 1874, [ii], 21, 116. 

’ Nilson, 1876, 9, 1056, 1142. 

^ Rosenheim and Schilling, Ber., 1900, 33, 977 ; Samter and Davidsohn, Zeitsch. 
arwrg. Chem., 1903, 35, 424. 

® Moissan and Martinsen, Compt. rend., 1905, 140, 1510. 

Bourion, Compt. rend.^ 1907, 145, 24^ 

Jannasch, Zeitsch. anorg. Chem., 1893, 4, 283. 

Rosenheim and Schilling, Ber., 1900, 33, 977. 

“ Chauvenet, Compt. rend., 1909, 149, 289. 
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Thorium bromide forms with ammonia the compound ThBr4.3NIl3,l 
and with pyridine (C 5 H 5 N) 2 ll 2 ThBr «.2 

Thorium Oxybromide, ThOBr 2 , is formed when an aqueous solution 
of the tetra bromide is evaporatc'd to dryness and the residue is heated 
to ir>0^ (". (Moissan and Martinsen ^) ; it is also obtained as a white, 
amorphous, frial)le mass by the m(‘thod of Boiirion (sec al)ove), and 
dissolves eo}U]d(.‘tely in water witli slight hissing. From a solution ot 
thorium hydroxide in alcoholic hydrogen bromide the crystalline; 
hydroxj’^bromidc s Th(0H)2Br2.4‘H20 and Th(OH)Br 3 . 10 H 2 O have been 
obtained.^ 

Thorium Iodide^ Thl,|, was obtained b}^ Nilson ^ by burning the 
metal in iodine vapour. From a solution of thorium hydroxide in 
alcoholic hydriodie acid crystals of the hydroxyiodide Th(OlI)l 3 . 10 ll 2 O 
sc].)arat(? on (;va])oration in vacuo over sulphuric acid ; and from the 
mother-liquor long ncedk's of Thl 4 . 10 Jl 2 O can be obtained.^ 

Thorium chlorate, [)r()mal(;, iodate, and perclilorate have been 
prepared by Cleve;.’ 


THORIUM AND OXYGEN 

Thorium Dioxide (T/ioria), ThOg, is obtained by the ignition of the 
hydroxide, carbonate, sulphate or nitrate, pre])arcd fre)m the)rium 
minerals by the me;thods alreaely described. It may, howeveu, be 
obtained in an impure* state from thorite or orangite by heating the 
powdered mine'ral with carbon in an electric furnace, vSO as to volatilise 
the silica.® Thoria is a snow-white ])owder whose })hysieal eharacler 
varies according to its semree ; that prepared from the sul[)hate is dense, 
that from the nitrate flocculent. It is obtaiiu'el crystalline by fusie>n 
with borax® or potassium pliosphate ; in the formeer case tc;tragonal 
crystals are; e')btained, in the latter the crystals belong to the regular 
system. Tetragonal thoria is isomorphous with zirconia, rutile (Ti02), 
and cassiteritc (SnOg). The density of crystallised the>ria is 10-22.^^ 
Pure the)ria does not glow brightly when heated, nor does it phosphoresce 
to any e‘xtent undcT the influence of the cathode rays ; it has the 
power of incandescence only when it is mixed with small quantities 
of other oxides — as, for instance, in the incandescent-gas mantle, which 
contains 99 per cent, of thoria mixed with 1 per cent, of ceria. 

Strongly ignited thoria is insoluble in acids, though heating with 
concentrated sulphuric acid and fusion with potassium hydrogen sul- 
phate convert it into sulphate. 

Metathorium Oxide is a peculiar, isomeric modification of the oxide, 
obtained by igniting the oxalate, or the hydroxide precipitated from 

^ Matthews, J, Amer. Chem* Soc,, 1898, 20, 816, 839. 

* Rosenheim and Schilling, J5er., 1900, 33, 977. 

* Moissan and Martinsen, Compt. renfl.t 1906, 140, 2510. 

* Rosenheim, Samter, and Davidsohn, Zeitsch. anorg, Chem., 1903, 35, 424. 

•* Nilson, Rcr., 1882, 14, 2537. 

® Rosenheim, Samter, and Davidsohn, Zeitsch. anorg, Chem,, 1903, 35, 424 ; Wyrou- 
boif and Vemeuil, Ann, Chim, Phys,^ 1906, [viii], 6, 441. 

’ Geve, BiiU, Soc. cJdm,, 1874, [ii], 21, 116. 

® Troost, Compt. rend., 1893, 116, 1428. 

* Nordenskidld and Chydenius, Pogg. Anitalen, 1860, iio, 642. 

Troost and Ouvrard, Compt. rend., 1886, X02, 1422. 

» NOson, Ber., 1882, 15, 2619. 

Crookes, Proc. Roy. Soc., 1881, 32, 206 ; Chem. News, 1881, 43, 237. 
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dilute solution at low tcruperatnre. When hydrochloric or nilric acid 
is evaporate d with this oxide a S57rupy residue is oblaiiu^d which dis- 
solves in water, foririin^ an opalescent liquid. These* solutions contain 
salts of ine tathoriuni oxide, which are reprc'cipitatcd by the addition 
of the com‘spondin<^ acids, in which tlu y lire insoluble. These pheno- 
mena were first oijs(Tved by lierlind Ihahr^ and Cleve ^ ; and it was 
thought by Bahr that they w(Te due to the oxide of a new metal, whilst 
Locke ^ considered that the tlioria had been reduced to ThgOg. The 
subject has been further investigated by Wyrouboff and VcTiuaiil and 
by Stevens. According to Wyrouboff and VeTneuil ® the product of the 
careful ignition of thorium oxalate, nitrate, chloride, or hydroxide is a 
mixture of two y)olymcrides of thoria, which on aeeouni of y^olymerisa- 
tion can combine' additivc^ly with nitric acid to form salts of the empirical 
composition (Th02)B.HNd3 and (Th02)5.2llN03. From analogy with 
corresponding cerium salts these nitrates arc believed to have the 
molecular composition ® 

(Th02)24.4lIN03 and (Th02)jo-4HN03. 

Stevens’ Ixlicvcs that mc'tathorium oxide is not ThgOg, but has 
the same composition as ordinary thoria. When yirepared from the 
oxalate and containing some water it combines with dry hydrogen 
chloride, forming metathoriurn oxychloride, which is rey)resented by 
tlu! formula Th02.ix;ThCl4, and dissolves in water, forming a solution 
which is clear if 9-10 per cent, of chlorine is ].)resent, and is o])alescent 
whcji more basic. It resembles mctastannic chloride in properlies, and 
does not give a precipitate with silver nitrate. Metathorium hydroxide is 
obtained by precij)itating the chloride with ammonia; St(;v( ns regards 
it as metathoric acid and as analogous to meta, stannic acid. 

It would at)j)car from tlu) work of Ruer ® on colloidal zirconium 
hydroxide that the reason silver nitrate does not precipitate chloride 
from mc'tathorium chloride solution is that the latter is colloidal and 
has the powcT also of retaining silver chloride in the colloidal form. 

Thorium Hydroxide, Th(011)4, is formed as a gc'latinous precipitate 
wheTi a thorium salt solution is mixed with alkali hydroxides. It is 
insoluble in excess of alkali, but dissolves readily in acids and also in 
alkali carbonate solutions, forming complex carbonates. 

Thorium Superoxide, ThgO^, is obtained in a hydrated form when 
ammonia is added to a mixture of thorium acetate or sulphate* solution 
and hydrogen peroxide.® This superoxidc is rather unstable and 
c'asily losc's some oxygen, so passing into more stable trioxide. ThOg.^^ 
By the action of dilute sulphuric acid on the superoxide, TligO,, hydrogen 
peroxide is formed in solution, wdiilst concentrated sulphuric acid 

^ Berlin, Pogg, Anmtlen, 1852, 85, 555. 

2 Bahr, Annalen, 1804, 132, 227. 

* Clove, Bull, Soc. chim., 1874, fii], 21, 1 10. 

* Locke, Zeit^ch. anorg. Ghem.., 1804, 7, 345. 

® Wyrouboff and Vomeuil, Compt. remLy 1898, 127, 863; Ann. Ohim. Phyt^.y 1005, 
[viii], 6,‘ 441. 

® Wyrouboff, however {Zeitsch. anorg. Chcm.y 1901, 28, 90), regards iboriuiii aa bi* 
valent, and formulates metathorium oxide as (ThO)n. 

’ Stevens, Zeitsch. anorg. Ghem.y 1901, 27, 41. 

® Ruer, Zeitsch. anorg. Chem.y 1905, 43, 85. 

® Wyrouboff and Veraeuil, Bull. Soc. chim., 1897, (iiij, 17, 079 ; 1898, 19, 219 ; Cornpf. 
rend.y 1898, 126, 340 ; 127, 412 ; Ann. Chim. Phys., 1906, [viii], 6, 441. 

Pissarjewski, Zeitsch. anorg. Chem., 1900, 25, 378; 1902, 31, 359; Calzolari, AUi 
R. Accad. Sci. Torinoy 1911,46, 196. 

VOL. V T 
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yields ozonised oxyg(‘ii. The superoxide Th207 is forrru'd by the action 
ol‘ hypochlorites as well as hydrogen peroxide on Th(OIl)4, and also by 
the electrolysis of an alkaline solution of sodium chloride in which 
thorium hydroxide, Th(OII)4, is suspended. It is therefore rcgarelcxl 
by Pissarjewski ^ as a true su])eroxide, and not mere ly an addilion 
com])oun(l of Th(01I)4 and II2O2. Its femnation fremi the nitrate is 
therefore thus represented : 

Th(N03)4 + 4HO2H - Th{02ll)4 + 4HNO3, 

Th(02li)4 being a salt of hyelrogem peroxieles whiedi is subsequently 
hydredysed to Th(02H)2(0H)2 and Th(02H)(0II)3, a mixture of which 
constitutes ThgO^. 


THORIUM AND SULPHUR 

Thorium Sulphide^ ThSg, and Oxysulphide^ ThOS. — Berz(‘lius ^ 
obtained a yellow powder and Nilson ® a black substance by heating 
thorium in sulphur va])Our. Chydenius ^ heated thoria to a high 
temperature in a stream of hydrogen containing carbon disulphide 
vapour, and obtained a black product having a density of 8 * 29 . Kriiss ^ 
obtained a brown ])roduct, })robably the oxysulphide, by the action of 
hydrog(‘n sulphide on thorium halides ; and IlauscT ^ prepared the 
same substance by heating carefully dried thorium sul])hatc to low 
redness in a current of hydrogen sulphide. Lastly, Duboin ’ heated 
ii mixture; of thorium chloride with excess of sodium or j)otassium 
chloride in a porcelain boat contained in a tube; through which a current 
of dry hydrogen sulphide was passed. The product, after washing out 
the alkali chloride, contained brown lamellfc of thorium sulphide, ThSg, 
having a density of 6 * 7 . After the removal of these lamelhe by sifting, 
the siftings were treat(‘d with nitric acid at 40 ° C., which dissolved the 
remaining ThSg and left the oxysulphide I'liOS in the form of yellow 
crystals ; these ar(‘ only very slowly acted on by nitric acid, and have 
a density of 8 * 42 . 

Thorium Sulphite, Th(S03)2.H20, was obtained by Clevc ® as a 
white precipitate by dissolving the sulphate in sulphurous acid and 
warming the solution. The solubility of this salt in sodium sulphite 
solution, with the formation of a complc;x salt, furnishes a means of 
roughly separating thorium from cerium, lanthanum, and didymium ; 
for when a neutral solution of the mixed salts is poured into excess 
of a saturated solution of sodium sulphite nearly the whole of the 
thorium remains in solution, while the other metals are precipi- 
tated.® The complex sulphites, Th2(0H)2(S03)3.2Na2S03.22H20 and 
Th(OH)2SO3.2K2SO3.10H2O have been isolated.^® 

Thorium Sulphate, Th(S04)2, obtained in an anhydrous state by 
dissolving the dioxide in concentrated sulphuric acid and heating the 

^ Pissai^’ewski, he. cit. 

2 Berzelius, Pogg. AnnaUn^ 1829, 16, 386. 

» Nilson, Ber., 1882, 15, 2537. 

^ Chydenius, Pogg. Annalen, 1861, 119, 43. 

® Kruss, Zeitsch. anorg. Chem., 1894, 6, 49. 

® Hauser, Zeitsch. anorg. Chem.^ 1907, 53, 74. 

’ Duboin, Compt, rend.f 1908, 146, 815. 

8 Clove, Bull. 80 c. cUm., 1874, [ii], 21, 116. 

** Chavastelon, ConipU rend., 1900, 130, 781. 

Grossmonn, Zeitsch. anorg. Chem., 1905, 44, 229. 
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solution till the excess of siil]>huric acid lias been evaporated, or by 
heating tlu^ octaJiydratc Th(S04)2.8H20 ^ to about 400° The 
anhydrous suljihate has a density of 9-225. It dissolves sjiaringly in 
concentrated sulphuric acid, forming an acid sul[)hatc‘, which is also 
formed whe n a saturat'd atpieous solid ion of Ihe sulphalt' is pre- 
ei])itat(‘d with coneeadrated sulphuric acid. The thorium hydrogen 
sulphates 111112(804)32 and 2Th(804)2.1l2S04.2ll20 ^ have been 
obtained. 

Thorium sulphate can be dissolved in four time s its weight ed' ice-cold 
water, forming a solution that is metastable with respect te) various 
hydrates. The salt is noteworthy on account of its diflercnt hydrates ; 
the following are known : 

Enncahydratc, Th(S04)2.9ll20, nionoclinic })risms isomorphous 

with 11(804)2.91120. 

Octahydrate, Th(S04)2.8lI.>0, monoclinic crystals. 

Hexahydratc, 111(804)2.0! 40- 

lVtrahydrat(\ 111(804)2. 4II2O, fine needles, isomorjihous with 

U(S04)2.4ll20. 

Dihydrate, Th(804)2.2H20. 

These difl'eTcnt hydrates have different solubility curves, which have 
been studied by Roozeboom and others.^ The hydrates with 9 and 
4 molecules of water present a contrast in properties, since the solubility 
of the former increases with rise of timipiTature whilst that of the latter 
decreases. Consequently, whilst Th(804)2.9ll20 crystallises from a 
solution at low temjierature, Th(804)2.4H20 will separate from the 
same solution at high temjierature. The solubility curves of the? two 
salts ar(.* represented by AC and DE on the accompanying diagram 
(Fig. 0). These two curves intersect at Z? (43° C. ),•''" at which jioint lioth 
salts are in eejuilibrium with one* and the same saturated solution. If 
the temperature is lowered from this jioint th(‘ 9-hydrate will separate ; 
if raised, the 4-hydratc. Nevertheless each liydrati^ can exist in a 
metastable state, so that the solubility curve of Th(804)2.9ll20 has been 
traced up to 55° C. (C), and that of Th(804)2.4H20 down to 1<S° C. (E), 
Thus, while tluj true equilibrium lictwcen these two salts and tlulr 
saturated solution occurs at 43° C., there is not necessarily a transforma- 
tion of ojie salt into the otlier through the medium of tlie solution wlicui 
this temperature is dcqiarted from, though the further tlie temjierature is 
removed from 43° C. towards 18° C. or 55° C. the more likely is it that 
rcsp(^ctiv(i transformation into the*. 9- or 4-hydrate will take jilace. 

The solubility curve FG on the diagram is that of the salt 
111(804)2.81120, and the curve JIK of the salt Th(S04)2.(3ll20. The 
salt 111(804)2.21120 separates from the solution at about 100° C. 

Under conditions favourable to the production of the enneahydrate 
it very frequently happens that the octahydrate is obtained. The latter 

^ R. J. Meyer and Gumperz, Ber,, 1905, 38 , 817. 

* Brauner and Picck, Zeitsdi. anorg. Chem,y 1904, 38 , 322. 

* Manuelli and Gaspariuetti, Gazz. chim. itah, 1903, 32 , ii, 523. 

^ Roozeboom, Zeitsch. physical. Chem., 1890, 5 , 198. Soo also Demai^iay, Vompt. 
rend.., 1883, 96 , 1800; Wyrouboff, Bull. 80 c. franc. Min.^ 1901, 24 , 105; Koppel and 
Holtkamp, Zeiiech. anorg. Chem., 1910, 67 , 266 ; and Koppel, Zeiisch. anorg. Gkem., 1910, 
67 , 293. 

® According to Dawson and Williams (Proc. Ckem. 80 c. ^ 1899, 15 , 211) the temperature 

is 47° 0. 
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hydrate*, on stMiuling in contact with th(^ solution, lK‘coincs converted 
into the former, hut ilie* rate* of clian^c is ( xtreniedy slow. 

Te‘chni(*ally, the o(?tahy(lrjd.<* is a. vctv inij)orlant salt. Its solu- 
bility in a(|U(‘ous snljduiric acid at 20”, ;10”, and 100” C. is shown 
graphically in Fi<f, 7. At «*}() ‘ C. the octahydriite ])asses into the tetra- 
hydratc; when the coneeiilralioji of sulphuric acid exceeds 30 j)er cent. 
At the same temperature, and with hydrochloric and nitric acids as 
solvents, the concenlralions at which the chan^a* of hydration occurs 
are* 19*5 and 31 per cent. respecti\ ely, and the solubilities of the hydrates 
are as follow ^ : 



Grains of Th(S(),).. p<‘r 100 

i 

Grams of Th(S 04 ),j per 100 


m-ains of Solution at 30" (L 


crams of Solution at 30" C. 

T\;r (lent. o£ 



1 Per cent, of 



Acid. 



1 Acid. 


- - 


11(1 

IINO 3 . 

j 

i . - 

HOI. 

HNO.V 

0 

215 

215 

25 

1-00 

4-22 

5 

3-50 

3-50 

30 

— 

3*70 

10 

3-10 

4*20 

35 

— 

300 

15 

2*35 

4-79 

40 

— 

2*35 

20 

215 

4*70 





By the prolonge'd heating of the tetrahydrate with water an insoluble 
basic sul[)hate‘, Th()S()4,2ll20 is produced-; the* salt Th0S04.Il20 
has also })een obtained by heating a concenlrate‘d solution of thorium 
sulphate* in a seialed tube^ at lOO”-! SO” C.^ Th0S04.5H20 is also known.'* 

Complex Thorium Sulphates. — Thorium sulphate unites with the 
sulphat(‘s of the' alkali metals to form various comple'X sulphates. 
Berze*lius ® a,ppe‘a,rs te) have obtained the salt K4Th(S04)4.2H20 by 
mixing solutions e)f the constituent sulphates; but Rosenheim, Samter, 
and Davidsohn ^ states that the anliydrous salt K4Th{S04)4 separates 
when the solutiems are* mixed ; whilst the following sulphates have been 
obtained by Barre ’ : ; TJi(S04)2.2K2S04.2H20 ; 

2Th(S04)2.7K2S04. From mixe*d solutions of sodium and thorium sul- 
phates the two salts Na2Th(S04)3.12lJ20 and Na2Th( SO 4)3.41120 have 
been prepared,® and from ammonium and thorium sulphates the salts 

(NIl4)2Th(S04)3.4Tr20, (NH4)3Th(S04)3,31l20, 

(Nn4)4Th(S04)4.2M20, (NH4);rh(S04),.2ll20. 

The rubidium and cjcsium salts Rb2Th(S04)3.2H20 and Cs2Th(S04)3.2H20 
have also been prepared,® 

1 Interpolated from the data of Koppel and Holtkamp, Zeitsch. anorg, Chem., 1910, 

67, 2G6. 

2 Demar^ay, Compt. rend., 1883, 96, 1860 ; Barre, Compt. rend., 1910, 151, 70 ; Hauser, 
Ber., 1910, 43, 2776. 

^ llausor and Wirth, Zeitsch. anorg. Chem., 1908, 60, 242. 

* Hall a, Zeitsch. anorg. Chem,., 1912, 79> 260, 

“ Berzelius, Pogg Annalen, 1829, 16, 385. 

® Rosenheim, Samter, and Davidsohn, Zeitsch. anorg. Chem., 1903, 35, 424. 

’ Barre, Compt. rend., 1910, 150, 1699. 

* Manuelli and Gasparinetti, Oazz. chim. ital., 1903, 32, ii, 623. 
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The dou])le i)oiMssium sulphates are slightly soluble in water, but 
insoluble in a satiiratetl solution of potassium sulphate ; the double 
sodium (and ammonium) sails, on tlu* other hand, are fairly soluble in 
satural(?d sodium (and ammonium) suljdiatc about 4* })arls of 
Na.2Tli(S()4)3.()H20 yx_T 100 of solution at the ordinary temperatun ). 


THORIUM AND SELENIUM 

Thorium Selenite. - The normal salt Tli(Se03)2.H20 is a white 
preeipitatci ^ ; the acid salts 2Th02.7Se02.16ll20 and Th02.5Sc02.8ll20 
iia\'(^ also bec'ii obtained.^ 

Thorium Selenate, Th(S(‘04)2.1)H20, is sj)aTin^ly soluble in water, 
and isomorphous with the corres])onding sulphate.^ 


THORIUM AND THE NITROGEN GROUP 

Thorium Nitride, ThgN^. — -A nitride of thorium was first olitaiiu^d 
as a white' poweleT by Chydciiius,'* who heated amixtureuif thorium and 
ammonium chlorides in a curremt of* hyelre)gtai chloriele gas ; Moissan 
and Etarel ^ also obtained a nitride by heating tlui earbicle in a stre'am 
of ammonia. The nitride may alse) be.' yireijiared by luxating a mixture 
of thoria anel magnesium or aluminium in a currcait of nitrogen,® e:)r by 
strongly lu'ating the mebal itself in the same gas.^ Thus obtainexl it is 
a yellowish maroon powder ha\'ing the composition Th-jN^ ; it is slowly 
decomposed by colei water, ejuiekly by hot, acce)rding to the reaction : 

Th3N4 + 6H2O = 3 Th 02 + 4NH3. 

Thorium Nitrate. — By the crystallisatieni of a dilute nitric acid 
solution of theirium hydroxide or carbonate large deliepicsccait tabk'ts 
of the salt Th(N03)4. 121120 are produce'd, which are* veTy seduble in 
water anel alcohol. By tlie crystallisatie>n of a warm aqueous solution 
the hydrate Th(N03)4.GH20 ® has been eibtained, anel from a strongly 
acid solution the hyelrate Th(N03)4.5H2D.® A elilute solution of the' 
nitrate is slowly hydrolysed with separation of a basic salt. Thorium 
nitrate is ('m|:)loycd for the manuracturc of incandescent-gas mantles. 
For this 2)urj)osc it is obtained in granular masse's containing about 
48 per cent, of tlmria, ^vhich corre'sf)onds nearly to the formula 
Th(IST.)3)4.4Tl20. When strongly ignited the nitrate k'avcs a resielue; 
of pure white oxide. This is dense and harsh when the nitrate is epiite 
pure', but if 1 to 2 peT cent, of sulplmric acid is i)r(^sent in the nitrate the 
salt swe'lls like “ Pharae:)h’s seryx'fits ” during ignition, and yields a 
soft, voluminous ash from six to ten times as bulky as that obtaineel 
from the pure nitrate. Most mantle-makers prefer a nitrate that 

^ (!levo, Bull. Soc. chim., 1874, [ii], 21, 116. 

- Nilson, Bcr., 1875, 8, 055. 

3 Wyroul)()fT, Zeit^ch. Kryst. Min.^ 1910, 47, 371. 

Chydoniua, Pogg. Annalcn^ 1861, 119, 43. 

* Moissan and Etard, Cornpt. rend., 1896, 122, 573 ; Ann. Chim. Phy.'i., 1897, fvii], 12, 
427. 

® Matignon, Compt. rend., 1900, 131, 891. 

’ Matignon and Delopine, Ann. Chim. Phys., 1907, [viiij, 10, 130. 

® Euhse, Zeitsch. angew. Chem., 1897, 4, 115. 

• Brauner, Trans. Chem. Soc., 1898, 73, 951. 
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yields the bulky asli, and lienee commercial thorium nitrate almost 
invariably contains from 1 to 2 per cent, of sulphuric acid. 

Complex Thorium Nitrates. — The followin^^ complex thorium nitrates 
have been obtained by Me yer and Jacoby ^ by tlie* (Tvstallisation of 
nitric acid solutions of Ilu ir constituent salts : 

1. K3H3Th(N03)io.4lI.p 3. (NIl4)2Th(N03)e 3. ^.«^/.M,L^Th(N03)6.<SI^p 

2. NaTh(N03)5.9Hp K 2 Th(N 03)3 ZnTh(N 03 l,.S]ip 

Nil ;rii{N03)5.5Il20 lU)2Th(N03)6 NiTh(N03)6.8l] ^O 

KTIUNO-O^.O (?) IlgO CsoTMNOg), (\)Th(N 03 )t;. 8 Hp 

MnTh(N03) 0.811 2O 

A series of complex nitrates coniaining quadrivalent ctTium exists, 
whose individual rncanbtTs correspond exactly to the memlxrs of 
series 3. 

Thorium Orthophosphate is practically insoluble in water and only 
sparingly soluble in dilute acids ; its formation therefore; sc‘rv(;s partially 
to separate t]ie)rium from other metals occurring in monazitc sand, 
whose ]^liosphatcs are more soluble in dilute; sulphuric aciel. 

Ace.ording to Clcvc ^ the normal phosphate, Th3(PO 4)4.41120, is 
prect[)itate‘el wlien disoelium hydre>gen })hosphat<.; is added to thorium 
nitrate se)lutie)n ; but Vol(*k ^ has shown that the pre;eipitatc contains 
sodium. Various comple^x |)hosphates of thorium and the alkali metals 
have becai des(*ribcd,^ also the chlorophe)s])hate ThCl j.3Th02.2P205 
and the; brornophosphate ThRr4.(3Th02.2p205)3.^ 

Thorium Arsenates. — Thorium hydrogen aTsc*nate,Th( II As04)2J)Il20, 
is precipitateel in a crystalline form when a 40 per cent, solution of 
arsenic acid is aelelexl to a boiling solution of the>rium nitrate containing 
2 per cent, of thoria. Thorium dihydre)gcn arsenate', Th(Il2As04)4.4ll20, 
is olitaJnexl as a crystalline pre^cipitatc wheii a solution of thorium 
nitrate; containing 5 jier cent, of tlmria is tre-atexl with a 50 pe;r cent, 
soil! I ion of arsenic acid.® 

THORIUM AND CARBON 

Thorium Carbide, ThCg, was first o])tained impure; by Troost,’ who 
heated thoria, >vith carbon in an (dcctric furnace in ordca* to obtain the 
metal. This compound was prepared in the pure state, however, by 
Moissan and Etard,® who hc‘ate;d in the ele'ctric furnace; a mixture* of 
72 grams of thoria and 6 grams of carbon conqiressed into small 
cylinders. The current employed was of 900 ampcTcs at 50 volts, 
and the o|)eration lasted four minutes. The product, cxaminecl 
under the microscope', consisted of yellow, transparent crystals mixed 
with graphite ; the density of the carbide; at 18"' C. is 8-90 ; it burns 

^ 11. J. Meyer and Jacoby, Zeitsch, anorg. Ohem., 1901, 27, 378. 

Cleve*, Bull Soc. chirn,, 1874, [ii], 21, 116. 

^ Volck, Zf'Alsch. anorg. Chem., 1894, 6, 161. 

^ Troost and Ouvrarel, Compl rend., 1886, 102, 1422 ; 1887, 105, 30 ; Ann. Chim. 
Phys., 1889, [vi], 17, 227. 

® Colani, Compl rend., 1909, 149, 207. 

® Barbiori, Aiti R. Accad. Lined, 1910, [v], 19, ii, 642. 

7 Troost, Gow.pl rend., 1893, 116, 1227. 

® Moissan and Etard, Compl rend., 1896, 122, 573 ; Ann. Chim. Phys., 1807, [vii], 12, 
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brilliantly when slif^htly heatc^d in and also forms a sidjdiidc, 

with bcauiirnl ineandesccncc, whcMi heated in sulphur vapour. Conecn- 
trat(!d acids hav(‘ little action on the carbide, dilute acids attack it 
ra])id]y, and water reacts with it readily, yieldint^ a mixture of hydrogen 
with UK'thane, ethane, propane, butane, ethykaie, ])rt)pylen(; and 
homolo^ni(‘s, and acetylenic li^ulrocarbons.^ 

Thorium Carbonate. — Tlic precipitates obtained by adding sodium 
carbonate^ to the solution of a thorium salt is a basic c^arl)onate which 
dissolve's reaelily in excess of carbonate; solution, fe>rming a com])l(‘x 
salt. This ])roperty serv(^s to distinguish and separate tlioria from 
other rare, earths whe)se carbonates do not so reaelily elissedve* in e^xce ss 
of alkali e*arbe3nate. From this solutiem alcohol preei])itate's the com])lex 
salt Na(iTh(C03)5.12H20 2 as a crystalline f)oweIe'r ; the; following salts 
have also be;en obtained ^ : K/ni(CD3)r,.10Tr2O, (Nll4)oTh(C0.3)3.Gll20, 
Tl«Th(C 03 ),. 

Acce)reling to Chauvenet ^ thorium e)xide absorbs carbe^n elie)xide, 
forming ortlie)earbonates. Under ordinary pre'ssure the compe)und 
2Th(011)4.C()2 is })roduceel, but imeler .'50-1-0 atmosphere's the orlho- 
carbonate; ThC04.2ll20. Under this lattiT pre\ssurc the anhyelrous 
oxide yk'lels ThC()4,0lliO2. The addition of sodium carbonate to a 
tlie)rium salt solution fe)rms ThC04.8lL/), wliich loses GlTgO in a vacuum, 
and on heating te) 120° C. forms the basic salt 2ThC04.2l'li0.2.3n20. 

The following thorium salts of ea’ganic aeads are known : 

Thorium Formate, Th(CH02)4.3ir20, crystallising in colourless 
plates ; and the basic formate Th(011)2(CH02)2. which sej)arates as a 
crystalline precipitate when a dilute thorium salt solution is hoik'd 
with sodium formate.® 

Thorium Acetate, Th(C 211.^02) 4, separate's in line needles from a 
solution of thorium hydroxide in acetic acid or of tlu' sulphate in 
ammonium acetate solution.® The basic salt Th(On)2(C2lT 302)2-1120 
exists.® 

Thorium Oxalate is precipitatexl when oxalic; acid is added to a 
thorium salt solution. When obtained from hot scjlutions containing 
about 10 per cent, of hydrochloric acid the precipitate is dense and 
crystalline ; from cold and ru;arly neutral solutions the oxalate separates 
as a rather bulky, amorphous j)rccipitate which readily passes into col- 
loidal solution when w^ash(;d Avith water. The; composition of the air- 
dried salt is expressed by the formula Th(C204)2.GH20 ; Avlmn hcat(;d 
to 100° C. or dried over sulphuric acid the dihydrate Th(C 204)2.21120 
is formed, and at 1G0° C. the hydrate 4Th(C 204)2.31120 is obtained.® 

Thorium oxalate is practically insoluble; in water and acpicous oxalic 
acid, and is much less soluble in dilute mineral acids than the oxalates 
of the tervaleiit rare earth elements.® Thc' solubility in acpieous sul- 
phuric acid at 25° C, is as follows : 

^ Loboau and Damiona, Compt, rend.y 1913, 156, 1087. 

“ Clovo, /iuU, iSoc. chinu, 1874, [ii], 21, 116. 

® lloMcnhoim, Janitor, and Davidsohn, Zeitsch. anorg. Chem., 1903, 35, 424. 

'* Clianvenet, Compt. rend,, 1911, 153, 66. 

Haber, MomiUh., 1897, 18, 687. 

® Urbain, dhdl. Soc. chim., 1896, [iii], 15, 338, 347. 

^ Branner, Trans. Chem. Soc., 1898, 73, 984. 

** Hauser and Wirth, Zeitsch. anorg. C^iem., 1912, 78, 7.'). 

® Braunnr, Trans. Chem. Soc., 1898, 73, 972. See also tliis series, vol iv, p. 273. 

Hauser and Wirth, Zeitsch. anal. Chem., 1908, 47, 389, and loc. cit, ; VVirth, Zeitsch. 
anorg, Chem., 1912, 76, 174, 
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Normality of PI 2 SO 4 ... 1 3-2 4*50 0*4 (>-94 

Grams of Tli(C.^ 04)2 per 100 grams 

of solution . “ . . . 0*010 0*070 0*154 0*233 0*276 

With higher concentrations of sulphuric acid the oxalate is changed 
into sulphate. Hydrochloric acid in (‘oncentrations greater than 
about 20 })er cent, converts the oxalate inte) an oxalex'/deride, 
Th 4 (C 2 O 4 )(}Cl 4 . 20 H 2 O.^ The solubility of thoriimi oxalate* in dilute 
mineral acids is re^duced to n iicgligii)lc amount by the* a.delitie)n of a 
moderate cxcc'ss of oxalic acid. 

A characteristic property of thorium oxalate* is its power to combiner 
with alkali oxalates to form ce)niplex salts, and this furnishes a in<*the)d 
of distinguishing anel separating thorium from ether metals of the 
rare earths.^ The following completx salts have bee*n de scribe e! : 

(NH 4 ) 4 Th(C 204 ) 4 . 7 H 20 4 (and 4 H 2 O)/ 
(Nll 4 ) 2 Th 2 (C 204 ) 5 . 7 JL, 0 «'« (and 2 IJ 2 O?),’ K 4 Th(C 204 ) 4 . 4 H 20 ,*^ 
Na 4 Th(C 204 ) 4 . 6 ir 20 ,^ and the acid salt IT.Th 0 ( 0204 )., .Oll^O.^ 

According to Hauser and Wirth, the sails (NH 4 ) 4 Th(C 204 ) 4 . 7 H 20 
and (NH 4 ) 4 Th((t 204 ) 4 . 4 H 20 are labile ]>hascs in the system therium 
oxalates — ammonium oxalate — water at 25"^ C., the stable phases, in 
addition to the single oxalates, being the other salts mcntione cl above. 
The hc] tally drate*, which crystallises from a concentrated solutiein of 
thorium oxalate in a large excess of ammonium oxalate, ])asse*s into 
the tetrahydrate in dry air, and the latter salt may be de‘hydrated 
over phosphoric oxide. At the ordinary t(.*nipcrature 100 })arts of 
water dissolve 90*3 jiarts of the tetrahydrate, but an (‘xtra. 9*3 jiarts of 
ammonium oxalate must be prese‘nt in setution te) prcve*nt dt'composition 
of the double salt by water. When a solution of this salt in wate*r is 
diluted with much wate*r it becomes turbid, and a colle)idal pre cipitiite, 
which slowly becomes crystalline, is produced. Tin* pn eipitate is the 
salt (NH 4 ) 2 Th 2 (C 205 ) 5 . 7 ll 20 . Further work on these double salts, 
from the physicochemical standpoint, is desirable, sincc^ the results 
of Hauser and Wirth are not in accordance with those of James, 
Whittemore, and Holden. 

Thorium Tartrate. — If a solution of tartaric acid is added to a thorium 
salt solution a precipitate is formed which dissolves in excess of the. 
acid. On diluting this solution a tartrate is reprecipilated which, 
according to Clevc,® has the composition Th.j(OH) 4 (C 4 H 4 () 6 ) 4 . 5 H 20 . 
By mixing in solution equivalent quantities of thorium nitrate and 
tartaric acid a tartrate of the composition Th 302 ( 0411406 ) 4.201120 is 
precipitated ; and this may be represented as tin* thorium salt of thorio- 
ditartaric acid, thus : [ThO(C 4 H 4 O 6 ) 2 ] 2 Th. 20 H 2 O.® Various thorio- 
tartrates have been prejiared. Thus by saturating a boiling solution 
of potassium hydrogen tartrate with thorium hydroxide (Ueve ^ 
obtained K^Th(C 4 ll 406 ) 3 , and Roscuiheim, Samter, and Davidsohn ^ 

* Hauser and Wirth, loc, cil. 

® Bunsen, Pogg, Aniiahrif 1875, 155 , 375 ; Brauncr, Trans. Ohem.. Soc., 180H, 73 , 951. 

® Cleve, ISvU. Soc. cMm., 1874, [ii], 2 i, 110. 

* Braunor, loc. cit, 

® Rosenheim. Samter, and Davidsohn, Zcitsch. anorg. Ghem.^ 1903, 35 , 424. 

« Hauser and Wirth, ibid., 1912, 78 , 75. 

’ James, Whittemore, and Holden, J. Afner. Chem. Soc., 1914, 36 , 1853. 
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have prepared Th0(C4ll406K).,.8H20, Th0(C4ll406Na)2.8H20, and 
Th0(C4ll406NI 1 4)2.31120, as well as the mare basic salts 

K2(Tli0)C4n40e.4ll20 and (NIl4)2(Th0)C4H40c.4H20. 

The constitution of tln^se salts is probably analogous to that of tartar 
emetic, so that the hydroxylic hydrogen atoms of ta.rtarie acid arc 
replaced by ThO. 

Thorium Acetylacetone, Th(C. 511,02) 4. — In common with other rare 
(arth metals, thorium forms a solid compound with acctylaeel,oiK‘. It 
is obtained by the action of acetylacetone on thorium hydroxidc\ of 
sodium acetylacetone on thorium salts,^ or in nearly quantitative yield 
by adding a solution of a. thorium salt to a faintly alkaline solution of 
acetyla(‘C‘tone, and prcci})ilating with the smallest (quantity of ammonia.- 
The product can be crystallised iVom alcohol, melts at 171“ and may 
be sublimed und(T reduced pressure without appreciabk* deromposition ; 
its molecular weight ^ in carbon tetrachloride solution eonlirms the 
formula Th(C5ll702)4. With ammonia it forms ilu^ addition e()mj)ound 
[Th(C.5ll -02)4! The stereochemical eo!istitution of tliorium 
and oth(T metallic acetyl ace tones })resenls an interesting problem. 

THORIUM AND SILICON 

Thorium Silicide, ThSia, is prepared by heating in a magnesia crucible, 
to 1200“ C., an intimate mixture of 15 grams i)otassium thori fluoride, 
GO grams potassium silicilluoride, and 50 grams aluminium, the ]>roduct 
being freed from aluminium and silicon by treatment with potassium 
ca.rl)onate solution. It may also l)e prepare<l by lieating a mixture of 
thoria and silicon in an (‘h'ctric furnace, or by he ating a mixture of 
aluminium, silicon, and thorium to 1000” It forms quadratic plates, 
resembling graphite, and has a density of 7-90 at 10” C. It is sohil)l(^ 
in aqueous miuc'ral acids, but not in aqueous alkalis. 

lliorium Silicate. — 'The minerals thorites and orangitc contain 
thoria combined with silica ; and artificial silicates corresponding to 
the formnlic ThSi04 a,nd ThSi206 ® have bee n prepared by fusing 
together thoria and silic.-a. 

THORIUM AND BORON 

Thorium Borides. — When a mixture of thoria with boron is heated 
in a carbon boat in an electric furnace a bronze-yellow to r('d product 
is obtained from which two borides of thorium, ThB4 and ThBg can be 
isolated.’ 

Thorium Tetraboride, ThB4, is a yellow, mctalli(;-]ooking powder 
consisting of fragments of prismatic crystals, and having a density of 

‘ Urbain, BvU, Soc chim,^ 1896, [iii], 15 , 338, 317 ; Ann. CJiim,. Phy.^., 1900, rviil, 
19 , 184. 

2 Biltz, Annahn., 1904, 331 , 334 ; Zcitsch. anorg. Chem.^ 1904, 40 , 218 

® Honigsehmid, Compt. remL, 1906, 142 , 157. 

* Seo Morgan and Moss, Tram. Cheni. Soc.^ 1914, 105 , 189, 

^ HOnigsehmid, ibid. ; see also Wedekind and Fetzer, Chan. ZeiL, 1905, 29 , 1031. 

« Troost and Ouvxard, Compt. rend., 1887, 105 , 255 ; Ann. Ohim. PhijH., 1889, fvi], 
17 , 227. 

’ Binot du Jassonneix, Compt. rend., 1905, 141 , 191 ; Ann. Chim. Phijs., 1909, Iviiil, 

17 , 145. 
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7-5 at 15° C. It is dissolved by cold hydrochloric and nitric acids and 
by liot sulpliuric acid. 

Thorium Hexaboride, ThBg, is an amorphous, reddish violent, metallic- 
looking substance? having a density of G*4 at 15° C. It is not dissolved 
by concentrated hydrochloric and sul 2 )}inric acids, but dissolve s readily 
in hot nitric acid. 

DETECTION AND ESTIMATION OF TIlOllIUM ' 

Detection of Thorium. — ^Thc following qualitati\x^ rc'actions arc 
characteristic of thorium : 

Alkali hydroxide^ ammonia, and aminonium sulphide solutions ])reci- 
})itate from thorium salt solutions the hydroxide Th(()ll) 4 , insoluble 
in cxct‘ss of the prc'cipitant. Alkali carbonates jirecipitate basic thorium 
carbonate, soluble in excess ; potassium sulphate preciiiitates K 4 Th(S 04 ) 4 , 
soluble with difliculty in water, and distinguislied from the (;orres])onding 
yttrium salt by insolubility in excess of the pre(;ipitant. Oxalic acid 
precipitat(is the oxalate, insolubh? in (?xcess of the precipitant (distinc- 
tion Irom zirconium) ; ammonium oxalate also precipitates the oxalate, 
but rc?dissolves it when added in excess, forming a solution not ])rc- 
cipitated by dilution (distinction from cerium and yttrium) ; hydro- 
chloric acid, liowever, reprccipitat(?s the oxalat(i from this solution, 
since the latter is insoluble in oxalic acid (difference from zirconium). 
Sodium thiosulphate on boiling prccij)itates all the thorium from 
a solution (prehrably of the chloride) as basic thorium thiosulj)liate 
(diflercncc from cerium and yttrium metals). Potassium iodate [irc- 
cipitates thorium as the iodate; precipitation is complete even in a 
solution containing 40 per cent, by volume of concentratexi nitric acid 
provided a moderate excess of prc*ci])itant is added (diflerence from 
rar(' eartli metals ('xcept zirconium and quadrivalent cerium).'^ Sodium 
hypophosphate prc‘cipitatcs the corresponding thorium salt, insoluble 
in dilute mineral a(?ids.^ Sodium pyrophosphate precipitat(?s the? thorium 
salt, practically insoluble in dilute (0*5 N.) mineral acids (difference 
from rare earth metals except zirconium and quadrivalent cerium).^ 

Estimation of Thorium. — Thorium is always c‘sthnated gravi- 
rnetrically as oxide formed by the ignition of the hydroxide, superoxide, 
or oxalate. The oxide should be perfectly white ; traces of didymium ” 
oxide impart to it a pink or brownish tint. It is very hygroscopic. 

There is little difficulty in separating thorium quantitativ(‘ly from 
all other metals except those of the rart‘ earths. For the separation 
from these metals numerous methods have been propos(‘d. They are 
eniimerat(?d in Volume IV (Chapter XI) of this serit's, where full refer- 
ences to the literature are given. 

The determination of thorium in monazite sand is an important one. 
Owing to the presence of large amounts oJ’ other rare earth metals and 
phosphoric acid, the estimation is rather difficult and tedious. The only 
methods wffiich do not necessitate removal of the phosphoric acid are 
precipitation as iodate, hypophosphate or pyrophosphate ; and all the 

* See Meyer and Hauser, Die chemische Analyse dcr seltenen Erden (Stuttgart, 1912). 

'■* R. J. Meyer and Speter, Chem. ZeiU, 1910, 34 , 306 ; R. J. Meyer, Zeitsch. anory. 
Ghem., 1911, 71 , 65. 

® Koss, Chem, Zeit., 1912, 36 , 686 ; Rosenheim, iOid,, 1912, 36 , 821 : Wirth, ihid., 
1913, 37 , 773. 

* Carney and Campbell, J. Amer, Chem. 80 c., 1914, 36 , 1134. 
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inetliods a\ a,ilablc necessitate a second precipitation of the thorium to 
remove; small amounts of othcT rare earths carried down with the first 
prc;ci[)itate. The sand is weighed, ‘‘ broken ” by being heatcal with 
excc'ss of cones ntra. ted sulpliiirie acid to 200° C. for several hours, 
cooled, and the ])roduct ]>oured into a large; volume of cold water. 
From the cold filtered sohitiem the rare earth me;taLs arc precipitated 
by an exce ss of oxalic acid. The washed oxalate pre^cipitatc is decom- 
posed by ignition, by boiling it with sodium hydroxide, or by heating 
it with a- mixture of concentrateai and fuming nitric acid. The; e)xide 
or hydroxide; may the:n be dissolved in hydrochloric acid, the thorium 
se‘})arate el by double pre;ci])itation as the basic thiosulphate, the preci- 
pitate' elissolveel in hydrochle)ric acid, the solution filtered from sulphur, 
precipitate d as oxalate* and ignited to oxide ; or the nitrate solution 
jiiay be neutralizeel with ammonia, precipitated with hydrogen peroxide 
as Iiydrated thorium j)eroxidc, and the* precipitate change'd into thoria 
by ignition.^ 

In acetic acid solution, thorium may be determined by titration 
with ammonium molybdate* solution, using diphcnylcarbazide as an 
e xlernal indicator. 'j'eTvah'nt rare earth eleme nts do not int(;rfeTe.‘'^ 


THE RADIOACTIVITY OF THORIUM 

Discovery of the Radioactivity of Thorium. — The radioactivity 
of thorium was disccjvcre'd in 1808 by Madanu’ Curie ® and by Schmidt,^ 
inde])(‘ndently. Re'cepieavl ^ had obse'rveal the radie)activity of manium 
in 1890; and whe'u a careful examination of other e‘le;menls for a 
similar idienomenon was made, the only one which yielded results was 
thorium. Thorium was found to resemble uranium in its power of 
ionising a gas and discharging an electroscope, but was several times 
l(;ss fictive, photographically, than the latter element. The reason for 
this difference; between the; radioactivity of the two (deme'nts is that 
whilst both e*mit similar a-radiations, the p-raeliation of the^rium, which 
j)ossesses photographic activity, is much wc'akcr than that of uranium. 
It is noteworthy tha t the raelioaetivity of thorium was observed pr('vious 
to the; discovery of raelium its(‘lf. 

Thorium'*X. — The discoA cry of thorium-X followed that of ura- 
niuni-X. In 1900 Crookes ^ found that when a solution of a uranium salt 
is I )reeipitate‘d with ammonium carbonate, which is them added in excess, 
nearly ])ut Tiot quite all the jjrecipitate is rc'dissolved ; and that in the 

^ The literature relating to the analysis of inonazitc sand is as follows : 

Boudonard, Compt. rejuL, 1895, I2i, 273 ; Jhdl. Soc. chinuy 1898, [iii], 19, 10 ; Fro- 
zeniuH ajid ZciL'ich. ami. Chem., 1896, 35, 625; Glaser, J, Amer. Chem. Soc.^ 1896, 

18, 782; CJicm. Zcil., 1896, 20, 612; Zcitsch. ami. Chem., 1897, 36, 213; 1898, 37, 25; 
Hintz and Weber, ibid., 1897, 36, 27, 676; Hintz, ibid., 1898, 37, 94, 504; Drossbach, 
Zeilsch. angew. Chem., 1901, 14, 655; Benz, ibid., 1902, 15, 297; Hauser and Wirth, 
ibid., 1909, 22, 484; Metzger, .J. Amer. Chem, Soc., 1902, 24, 901; Ncish, ibid., 1904, 
26, 780; Carney and Campbell, ibid., 1914, 36, 1134; Borelli, Gazzetta, 1909, 39, i, 425; 
R. J. Meyer and Speter, Chem. ZeiL, 1910, 34, 300; Johnstone, J. Soc. Chem. Irid., 1914, 
33, 55; R. f’. Wells, ibid., 1910, 29, 1304; White, Thorium and its Compounds (The 
Institute of Chemistry, 1912). 

Metzger and Zons, J. Ind. Eng. Chem., 1912, 4, 493. 

® Madame Curie, Compt. rend., i898, 126, KOI. 

* Schmidt, Aim. Phys., 1898, 65, 141. 

^ Bccquerel, Compt. rend-., 1896, 122, 420. 

® Crookes, Proc. jkoy. Soc., 1900, 66, 409. 
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small amount of residue thorc^ is concentrated for the time beinpj the 
whoh; of th(i ]>hoto^apliic activity of the ori^rinal salt. 

Rutherford and Soddy ^ made analof^ous o]>s( rvations on thorium 
in 1902. They found lliat av]k*ii a solulion of pur{‘ thorium nitrate is 
precipitated by ammonia, or wlicn thorium oxide is waslu'd rt pealedJy 
with water, the acpieous filtraU‘ or washings yield on e\ aj)ora.l ion a 
residue chemically free from, but several thousand times as radio- 
active as, the original thorium, whilst the radioactivity of tin", latter 
has aj>prcciably diminished during tlui process. This ].K)werrully 
radioactive product w^as named thorium-X. If sodium hydroxide' or 
amrnonium carbonate or oxalate is em]doyed instead of ammonia to 
precipitate tlu' thorium, no separation between thorium and thorimn-X 
is effected ; the ])recipitated thorium com})ound r(d:a,ins its original 
activity, and the filtrate is not radioaclix e. Thus there is a distinct 
clnanical difference between thorium and thoriuin-X, since ammonia 
precipitates the fornuT, but not the latter, whilst sodium hydroxide 
precipitates both. Tlu' actual ajiiount of thorium-X fractionally 
separated from tliorium is, however, so minute as to be detected only 
by its radioactivity. 

Decay and Recovery of Radioactivity. — A r(‘niarka])le relationship 
found to exist between uranium and uranium-X lt d to the discovery of 
asiinilar rt'lationship between thorium and thorium-X. Rt equtTel ^had 
discovered that a non-active uranium solution from which uninium-X 
had been separated fractionally, regained its original ra,(iit>activity 
within a year, whilst the radioactive uraniuin-X lost its activity 
during the same time. Rutherford and Soddy made similar ob- 
servations with thorium. They found that thorium Iroin which 
thoriurn-X had been separated regained its full aeti^uty vvilhin a 
mouth, and that the thorium-X lost nearly all its acti\'ity during the 
same time. 

The aeeom])auyiug diagram (Kig. S) shows Hk' rate of deeay of 
activity of Ihoriuni-X and tin; rate of vreowry of aeti\ ity by (jdn'iost) 
inactive thorium. It will be observed that thci curves are reciprocal, 
and that the sum of the two activities remains eonslaiit during the 
whole time. Thus in the ligure the sum a, mounts to about one luu\drcd 
units. This (*xplains why the activity of natural thorium is eonstaiit ; 
it is the result of two reciprocal ])roeesse.s, which tog(‘ther maintain 
what is called radioactive equilihriutn. 

It may be remarked that the curves are cjrpoficitlial or loifarilhmic : 
they represent a process analogous to that of a continuous mono- 
molecular chemical chang(‘, the change at any instant beijig a constant 
fraction of what remains to be changed. 

When thorinm-X was first investigated, and was thought to be 
produced directly from thorium, it was found that the thorium did 
not become perfectly inactive by the removal of thorinm-X. A 
“ non-separable activity ” remained, consistiiig of a-rays only, which 
were 25 per cent, of the total a-radiation. The cause of this uou- 
separable activity became evident later, when disint('gration pro- 
ducts intervening between thorium and the^rium-X wxre brought to 
light. 

The observation that thorium-X is spontaneously regenerated in 

^ Rutherford and Soddy, Trans. Chem. Son., 1902, 321, 837. 

2 Becquerel, Compt. rend., 1900, 131 , 127 ; 1901, 133 , 977. 
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a tlioriiim solution from which it has been sci)arat(‘d led to the origination 
of tli(j disintegration theory of radioactivity. 

The Thorium Emanation. — A short time previous to the work on 
thoriuin-X it was observed by Owens ^ that the radioactivity of thorium 
vari(‘s in a nauiner traceable to the product ion of a radioactive gas 
which can be carried away by currents of air. Such an observation 
was bound to modify profoundly the ordinary view of the nature of 
the chemical atom. So long as radioactivity ap])('arc'd to be a constant 
property of an atom, and its nature remained imperfectly understood, 



it was possible to cling to the belief in tlu! unalterability of the atom. 
Ihit when it was found that atoms of thorium spontaneously produce 
atoms of radioactive matter, which are gaseous, such belief became 
untenable. 

Rutherford ^ first showed, by an electrical method, that in addition 
to emitting a- and p-rays thorium compounds impart to the surrounding 
air the property of temporary radioactivity, which is retain(.‘d by the 
air for a short time after the removal of the thorium compound from 
its vicinity. This temporary radioactivity rapidly diminishes, howevcT. 
At the end of a minute it is reduced to a half, and at the end of ten 
minutes to one-thousandth its original intensity. Paper or thin metal- 

^ Owens, Phil. Mag., 1899, [v], 48 , 360. 

* Rutherford, Phil. Mag., 1900, [v], 49 , 1 . 
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leal does not preve nt a thorium compound from imparling this property 
to t}i(' air, ajid cotton-wool and dilute and concentrated sulphuric acid 
do not interfere with the action ; but a tliin sheet of mica, or other 
material which will stop the ])assagc of a entirely prevents the 

air in th(‘ neiirliboiirliood of a thorium compound becorninff radioactive. 
I'hese facts clearly showed that thorium emits a radioaetiva* gas. 
Rutherlord called this gas the thorium emanation. It diffuses like 
any otlu;r ga.s ; it is eheniically incat, and is thcrc*fore allied to the 
argon family of gases ; it may be condensed to a lirpiid in a tube cooled 
with li(pud air, since radioactivity is arrested under this treatmcjit 
and is appare nt again wlu'u th(‘ cooling agent is removed. The conden- 
sation ]>egins at — V. and is eomplet<‘ ^ at — 155^ C. 

The coelhcic iit of diffusion of the tJiorium emanation is ()•!, so that 
the; gas has a high molecular weight, which by the im^thod of e ffusion 
lias be(*n shown to lie b(‘tween 200 and 210.^ The emanation is derived, 
not dire ctly from thorium, but from thorium-X, Ix^cause thorium from 
which thoriuni-X has b{‘en removed has also lost thereby its emanating 
jiower, which it r(\ga.ins as it regenerates thorium-X with its accom- 
pan yin g ra-di oacti vi ty . 

The ihoriurn emanation has an unvarying rate of decay, represented 
by the e(j nation : 


in which 1„ is the initial activity, b the activity after t seconds, s the 
base oi‘ natural logarithms, and X the radioactive con, slant, the deter- 
mining factor of the change. This constant re])resents the fraction of 


the whole which undergoes change per second, whilst its reciprocal 


1 

X 


repr(‘sents the average life of the active matter expressed in seconds. 
The* x'jilue of X for the thorium emanation was determined to be 
the* jieriexi of average* life being thus 87 seconels. A recent value is 7tS*Cl) 
seconds, which eeirresponds to a half-d(*cay period of 54*58 seconds.^ 
The receivcry of emanating ])owe‘r by thorium from which thorium-X 
has been removed is represented by the cciuation 


it 

x 


-n 


and the curves showing the decay of the emanation and the above 
rc coveiy are of the same* character as those shown in Fig. 8. 

The Active Deposit. — It was observed by M. and Mme*. Curie, ^ 
in 18i)0, that radium has the power of “exciting” or ” inducing” 
temporary radioactivity on the surface of neighbouring bodies ; and 
a similar observation with r(‘gard to thorium was made independently 
by Ilutlurford.^ Thus the whole interior surface of a closed vessel 
containing a radium or thorium prejiaration becomes radioactive ; 
but if an electric field is created inside the vessel all the radioactivity 
may be concentrated upon the negative electrode. That the excited 


^ Rutherford and Soddy, PhiL Mag., 1903, fvij, 5 , 661. 
** Miss Leslie, Comjii. rend., 1911, 153 , 328. 

^ Perkins, Phil. Mag., 1914, [vi], 27 , 720. 

* M. and Mme. Curie, Cornpt. rend., 1899, 129 , 714. 
Rutherford, Phil. Mag., 1900, [v], 49 , 1, 161. 
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activity is coiinect<*d with the emanation is proved by tlie fact that 
a sJi(X‘t of Illicit, which screens off tiie emanation, also prevents the 
production of tJic exeittd activity. Indeed, it Wiis IVmnd tlnit the 
amount of tin* emanation conveyed in a current of th(‘ air and the 
d('^r(‘e of excited {letivily ]m>dueed are qiianiitatively related. It was 
furthcT obsiTV'cd by Ruthe rford that the activity excited on a platinum 
wir(‘ exposed to th(? thorium cmaniition can be dissolved from the win^ 
and so be obtain(‘d in solution, by means of dilute or concentriited 
hydrochloric or sulphuric acid. Thence it was concluded that the 
excited aeti\ ily is due to a deposit of radioactive matter possessinej 
specific chemical properties, and derived from the omanaLion. This 
dc'posit is therefore spoken of as the “ active d(‘posit ” ; and th(‘ thorium 
emanation is the parent of lln^ active deposit, just as thorium-X is the 
f)ar(?nt of the emanation. The excited activit}^ decays, and rc‘COvers 
its strength through the agency of tht^ emanation, according to the 
same? principles as those already referred to ; and the same equations 
r(‘pr(‘SC‘nt the curves of de cay and recovery. 

In 1904 the following was the state of knowledge regarding the 
radioactivity of thorium : 

Thorium 

I 

Thorium-X 

I 

Thorium emanation 

Active deposit. 

Radiothorium and Mesothorium. — In fractionating a mixture of 
bromides from thorianite, llahn,^ in 1905, discovered that not only the 
radioacli\’ity of the least soluble fractions increased on account of the 
radium within tlu'm, but also that of the most soluble fractions ; and 
subsequently tliis observer isolated a few milligrams of an intensely 
active substance’ which produced seven hundred thousand times as much 
thorium emanation per unit-time as thorium itself. Similar observations 
were’ made by Ramsay,- wlu) worked up 250 kilograms of the mineral, 
and by fractionating 18 grams of alkaline-earth carbonates thence 
obtained, observed that activity became concentrated both in the 
more and the less soluble fractions, leaving the middle fraction less 
active.^ The new product was found to be at least one hundred 
thousand times as active as thorium, and was called, on account of 
its intc’nsity, radiothorium. The following disint(?gration scries was 
proposed by Ramsay : 

fnactive thorium radiothorium thorium-X ^ emanation, 

and thus a product intermediate between thorium and thoriurn-X was 
recognised, with chemical properties closely allied to those of thorium. 
It remained uncertain, however, whether thorium was really the parent 
of radiothorium, or whether another product intervened between 
these two. 

^ Hahn, ZeiUch. phj/siJcaL Cham., 1905, $1, 717. 

^ Ramsav, Ohim. phys,, 1905, iii, 617. 

» See nUo Hahn, 1905, 38, 3371 ; 1907, 40, 1462, 3304; Jahrb. RadioaU. Elec^ 
ironikt 1905, [ii], 233 ; Elster and Geitel, Physikal Zeitsch., 1906, 7, 445. 
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111 1900 Plane ^ succeeded in sej)arating ironi ordinary thorium 
c()ni])oiinds, rndiothorium, coinparabl(‘ in activity with the product 
obtained from thoriaiiitc ; and in tlie same year Halm ^ brought 
J()r\vard evidence of tJu‘ existence of an inactive disiidegi’ation product 
interjuediale betwt cij tliorium and radiotliorium. He found that the 
activity ot* tJioriimi salts, c.g. th(^ nitrate, ju’cpared from thorianite, 
diminishes for thr(*c years, rennains constant for some tinu^ and then 
again increases ; and exj)Iained tlie occurrence by supposing tliat in 
the preparation cf thorium nitrate from thorianite an (existing intcT- 
mediate }>roduet, which he called mesothorium, is left behind, so that 
a gap exists be twern thorium and radiothorium, and that ilie equal 
times of formation and decay of inacti^'c nusothorium are greatcT 
than those linus of radiothorium. Hence tiu' more rapid dtcay of 
existing radiotborium in th(i initial absence of mesotliorium leads to a 
diminution of ar^tivity, folloAVcd at length by an increase when the 
aecmnulation of fnsh and more slowly formed mt'sothoriimi gives 
rise to a regeneration of radiothorium. Hahn - conlirmed this conclu- 
sion by eliminating thorium, and thus obtaining an inactive product 
(mesothorium), which after a lapse of time d('\ eloped the acti\’ity of 
radiothorium. Subs(X]uently the sann^ observer stated th() cdianges 
taking place betw(*(‘n thorium and the ema.natiou to be as follows : 

Thorium (a-ra,ys) mesothorium ( p-rays) -> radiothoriiim (a-rays) 

> thoriiun-X (a-rays) > emanation 

It will be rememtxTcd that 25 per cent, of the total a-radiation of 
natural thorium n-mained originally after the remov^al of thorium-X. 
This “ non-se])arable activity was subsequently t}K)ught to belong 
to radiothorium, thorium itself being rayless. Attention must therefore 
bci drawji to the fact that the thorium atom is now shown to emit 
a-rays in its disintegration. 

In lOOS a. furthcT step was taken by Hahn ^ in the recognition of a 
short-lived jjroduct between mesothorium and radiothorium, Ry 
adding ammonia to a mesothorium solution freed from radiotliorium 
and containing a little zirconium salt, Hahn obtained a precipitate 
possessing a p-radiation which decayed to zero in a few hours, and a 
filtrate, which was at first inactive, but developed p-rays with the 
same period as that at which the p-rays of the precipitated fraction 
decayed. So it was concluded that the mesothorium had been s(‘paratcd 
by the ammonia into two constituents, which were at first calhxl 
thorium-1 and fhonuni-2, and the earlier of which was raylcss while 
the latcT })roduct emitted p-rays. The period of half-change of 
thorium-2 was estimated to be G-2 hours ; the half-jitaaod of radiotliorium 
is 737 days, or almost exactly two years whilst that of thorium-1 is 
calculated to be 5*5 years.® The following schenK? now represents the 
scries of changes between thorium and the emanation : 

' lilaiic, Physikal, ZcUach., 1900, 7 , 620 ; AUi R. Accad. Luiceiy 1907, [v], i 6 , i, 291. 

- Ilalin, Her., 1907, 40 , 1462. 

» Jlalin, /ier., 1907, 40 , 3304. 

** Hahn, Phytsikal. Zcitscli., 1908, 9 , 245 and 24G. 

® Blanc, Alii R. Accad, Lincei, 1907, [vf 16 , i, 291. 

® McCoy and Ross, J, Amer. Cherru Soc., 1907, 29 , 1709 ; Hahn, Phymkah Zeitsch., 
1908, 9 , 392. 
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mesotlioriura 


Tlioriimi (a-rays) tlioriiim-1 (rayless) > thorium-2 ( p-ruys) > 

5*5 years 6*2 hours 

rachothoiiiim ^ thoriuni-X (a-rays) > emanation 

thoriiim-3 (a-rays) ' 

2 years 

Th(i terms tliorium-L tliorium-2, and thorium-3 liavc not been retained, 
l}ios(.‘ in present use bein<f rcispectively me 80 thorium 49 mesothoriiim*« 2 , 
and radiothorium. 

The total a-aetivity of thorium in equilibrium witli all its products 
is made up of 11 per cent. d\ie to thorium itself, 20 [)er cent, due to 
radio thorium, and 69 per cent, due to thorium-X and subsequent 
products. 

This (iompletes the series of thorium disintegration products as 
far as the cananation. 

Investigation of the Thorium Active Deposit. — The “ active deposit ” 
derived from the thorium cMuanation under^o(\s change, and the “ excited 
activity ” is tlu^ result of this change. This ('xcited activity, when 
caused by long exposure* of a body to the emanation, dc'caj s c'xponen- 
tially with a half-period of about el(‘ven hours. lluth(‘rford ^ made the 
reanarkable observation, however, that the activity of the deposit 
obtained by a .short exposxirc increased for several hours before decaying, 
but that the longer the exposure the shorter was thcj subsequent jxriod 
of increases be fore d(‘cay set in. Jlutlicrford ^ exjdained this pheno- 
menon by su})posing that the active dei)osit consists ol’ two substances, 
Ihorimn-A and thorium-B, 'lliorium-A was thought to be raylcss in 
its chaiige into thorium-B, whilst thorium-B was su])posc‘d to emit all 
three kinds of rays in clianging into a furtluT, almost inactive, product, 
tJiorium-C. TJius the observed activity of the deposit was due to 
tliorium-B, tlie deva‘lopment of acti\u‘ty aft(T short exposure was due 
to the geiu'ration of actives thorium-B from inactive thorium-A ; and 
the shortness of the period of increase before decay after longer exposure 
was due to the lateness in the life history of thorium-B at which the 
observation of activity w^as commenced. These conclusions, though 
right ill princijile, were subsequently modified in detail, because the 
product at first called thorium-A was discovered to be not the first 
member of the active de posit. When this new member w^as discovered 
it became thorium-A, the former thorium-A being called thorium-B, 
and so on. Further progress w^as achieved through the measurement 
of ionisation range, i,e. the disttince the a-ray can penetrate a gas 
as revc'aled by the ionisation of the gas. Hahn ® applied this method 
of investigation to the thorium active deposit, and observed that two 
types of a-radiation are emitted by the deposit, whosi' ranges were 
said to be 8*6 cm. and 4-7 cm. ; so he concluded that the radiations 
are derived from two successive products, thorium-B and thorium-C. 
AVhich was the prior radiation, however, was not discovered ; and it 
appeare d that the change of thorium-B into thorium-C must be very 
rapid, since the two types always occur together in the same relative 

‘ Rutherford, Physikal Zeitsch.. 1902, 3, 254 ; Phil Mag,, 1903, fvil, 5, 95. 

^ Rutherford, Phil, Trans., 1904, A, 204, 169. 

Halm, Phil. Mag., 1900, [vi], ii, 792; 12, 82. 
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proportions. In the same* year that lliese re sults were obtaiiu d (TOGO) 
von IatcIi ^ stated that thoriuin-A, fornuTly r(‘i(ard(‘d as rayless, (‘inits 
a small amoimt of a-rndiation of pf'iictratiiiijf eharaeter. Tiiis eonclii- 
sion, however, apja ars not to have been ma.inUiined, for in 11)00 it was 
n eognisetl that tlioriun^-A (half-period 10 0 hours) o-ivt^s no a-i)a.rlicle, 
but that tlie produet tliorium -B and -C (half-i)eriod G0*4 minutes) gives 
two a-partiel(‘s of different ranges.- 

Furtlier jn’ognss was macle through tlu* introduetion of a. new 
nu‘thod of in\'t‘si igation : the tnelJiad of recoil. Aceordijig to tlie prin- 
ciple* of equality of nionientum (NewtoiTs tliird law of motion) the 
e'xpulsion of an a-particle^ from an atom with a certain veloeily results 
in the recoil of tJie remaining portion of the atom witli a \'eJoeity re lated 
te) that of ilu' a-particle inversely as the* relatiem of two masse s. This 
velocity confers a nasce nt volatility upe)n the atomic re^sieiue ; ajul 
aelvanta,ge‘ is takeai e)f this volatility to isolate a ]>roeluct that we)uld 
e)thcrwise (‘scape notice. Tliis method applied to the* thorium actixe* 
de posit yieldeel a Jicw product ^ calle d thorium-D, Avhich gi\ es only p 
and Y aiul de^cays exponeailiidly with a half-])eriod estimated to 
be 3-1 minutes. Thorium-D is the last known mejnbe‘r of the* serie s, 
l>ut further discoverie*s with re'gard to the inlervening products have 
yet to be re'corded. 

It has already been stated that another jwoduct has bee n eliscovere'd 
be‘twecni the emanation and what was foianerly called thorium-A. 

Bronson/ in 1908, o])iained evidence that an atom of the thorium 
(‘inanation pr(.)bably emits, in all, four a-particles ; and this conclusion 
was conhrnuid by Ge iger and Marsdeai •'" in 1910, wiio obseTveid the scintil- 
lations produced l)y the impact of the [)articles n])on a zinc-sulphide 
screen, and concluded that the four a-])arlicles w-eTc not e?xpeile*d 
simultane‘Ousl 3 ^ Moreover, numerous cases of double scintillations 
separate^d by a \ (‘ry short time interx al were! observed in similar parts 
of the field ; and thence the* conclusion was drawai that at Je‘ast onet 
short-lived product exists with a half-time period of 0*1 1 second. The 
subject was 1‘urthcr investigated by Rutherford and Geige r/ who 
showed that if a rod coated wath zinc sulphide is irnmeTsed in the 
thorium (‘inanation and charged negatively it glows in tlie dark, but 
that the? glow suddenly dies out when the rod is discharged. This 
is taken to show" that a positixely charged product of the thorium 
emanation exists, which is attracted to the lu'gative electrode, and 
there becomes visible* by causing zinc sulphide to phosphoresce. For 
the glow" to continue, liownver, the? attraction must be continuous, 
because the product itself is very short-lived. 

The rapid decay of this product was also shoxvn by passing a nega- 
tively charged endless wire axially through a cylinder closed with 
pierced ebonite stoppers and containing the thorium emanation, 
and driving the wire by means of a motor. The activity on the wire*, 
examined by means of a zinc sulphide screen, was observed to decay 
at a little distance from the cylinder, and the more slow"ly the wire 
w"as driven the shorter was the distance along it through which the 

* Von Lercli, Physikal. Zcitsclt., 1906, 7 , 9 IS. 

2 Soddy, Ann. Report Chem. Soc , 1909, p. 247. 

* Hahn and Meitner, Ber. Dent, physikal. Gea., 1909, ll, 65. 

* Bronson, Phil. Mag., 1908, [vi], i 6 , 291. 

Geiger and Marsden, Physikal. Zeitsch., 1910, ii, 7. 

Rutherford and Geiger, Phil. Mag., 1906, [vij, 22 , 62). 
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activity ])cTsisted. TIk' period of half-chan^^c of this short-lived product, 
now called thorium'-A, is 0-14 second ; and llu* j)rodiict itself is analogous 
in j)roj)erii(\s to r;uliuin-A, a sliort-livcd, a-ray giving product whose 
existence wjis early obse rved. It will be reinenibeTed that the eu’iginal 
thoriiuu-A, having a half-eliange ])e‘riod of 10-6 hours, was theaiglit 
to be rayk'ss. This is now thorium**B9 and is known to j)roduce p-ra} s 
of feeble ])enetraling ])oweT. This lhe>riuTn-]i may be se^parated from 
thoriiim-C ]\y taking aelvantage of its superior volatility.^ Thus, if a 
wire;, e:)n which is the active; de‘posit, is kept at red hc;at for a she)rt 
tinie% thorium-B sublimes and is depe)site‘d on an aeljacent surface. 
The eunsee|ue‘nc<‘ of this sublimatiem is that whilst there is no immediate 
effect on the; activity e)f the wire, this activity decays more rapieily 
than bedoiv, because no tlmrium-B remains u])on the wire to proelue;e 
tlmrium-C, the store e)f whie*h is the soone r exhausted. Tlie sublimate 
whie*h at first a])])ea.rs inactive develops an activity which rca.e;hes a 
maximum in fenir hours, anel then de;cays with a half-peTie)d e)f 10*C 
liours ; tliis ])rove‘S it to be thorium-B. 

'J'hus far the e lucidatiem of the nature e)f the thorium active deposit 
has yielded the folle)wing result : 

Emanation (a-rays) themum-A (a-rays) > thorium-B (soft 

p-rays) > themum-C. 

Thorium-C and Branching Disintegration . — When the thorium 
active' eleposit is dissedved in acid, thorium-C can be removed frean 
the se)lutie>n by adsewption with animal charce)al or by shaking the 
soluliem with finely diA'ided nickel, thorium-B remaining in the solution. 
Or if the active dejiosit upon a wire is he'ated fe)r a, fe vv minutes to 
1000'' C. all the tliorium-B is volatilised, leaving some thorium-C upon 
the wire*. 

If thorium-C is regarded as a single substance it appears to emit 
a-, p-, and y-rays ; but slight diffe'renccs have bc;en observed in the 
epialities of each kind e)f ray. Thus on closer examination thorium-C 
appears to emit tw'o kinds of a-rays, and the more ])ene'trating ]^art e)f 
the p-rays, but no y-rays, which come from a subse*quent product, 
thorium-D. So at the outset there is evidemce of comjdexity in the* 
case of thorium-C. 

The a-particl(;s eanitted by thoriun)-C are of two de'grces of pene- 
trating powe r ; thus it appears to undergo dual disintegration. For 
every 100 a-]^a,rticlcs giveai by the thorium emanation thorium-C 
produces, directly or indire*ctly, 35 of 4*55 cm. range and 65 of 8*16 cm. 
range. 2 

Thorium-C was at first theiught to be homogeneous, yet it behaves as 
if it consisted of two kinds of matter, which have; been style'd thoriiim-Ci 
and thorium-C j,; feir its atoms disintegrate^ in two distinct ways. 
If thorium-C is homogeneous the following relations hold : The period 

of average life, v , of thorium-C is 79 minutes ; but X = Xj -f Xo, where 
A 

X is the radioactive constant of thorium-(>, and Xj and Xa arc the 
corresponding constants of thorium-Cj and thorium-C g respectively ; and, 
according to the rates at which a-particles are evolved, X 1 /X 2 = 35/65 ; 

^ Miss Slater, PhiL Mag,, 1905, [vi], 9 , 628. 

® Sodcly, Ann. Report Chem. Soc., 1912, p. 312. 

* Marsdt;ri and Darwin, Proc. Roy. Soc., 1912, A, 87 , 17. 
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also the fraction - — disintc ‘grates according to the method of 

7^1 + ^2 

thoriiim-Ci and the fraction . according to the method of 

Ai + A., 

11 X 

thoriiim«C 2 . Further, since - “ - ^ — 79 miniiU‘s, and ~ = 

1 A Aj 1 A 2 ^ A 2 

35/65, it follows that — --- 225*7 minutes and . --121*5 minutes. Of 

Ai A 2 

the supposed homogeneous atoms of thorium-C, 35 per cent. (tliorium-Cj) 
produce each a single particle in their disintegration, and the re- 
maining 65 })er cent. (thoriuin“C 2 ) each a single fi-particle, unaccom- 
panied by a y-ray. Thus, while thorium-C-^ produces dirictly 35 
per cent, of the a-particles of range 4*55 cm. derived from thorium-C, 
and so passes into thoriurn-D, thorium-Ca docs not directly produce 
any a-particlcs, but whilst itself producing p-particles, gives rise to 
a short-lived (10~^^ second) ^ ])roduct designated thoriuiTi-C', whence 
the above-mentioned a-particles of range 8*16 cm. (65 per Cfait.) an; 
evolved. These relationships are shown in the following diagram : 



It is thus shown that all the y-rays produced in the disintegration of 
the active thorium deposit conu* from thoriiim-D. Tiiese y-rays axe 
the hardest or most penetrating known, but the (3-rays which ac(;om- 
pany them arc less penetrating than those derived 1‘rom thorhim-C- 2 » 
wliieJi may be described as hard. Tlu* mixed (3-rays from thoriuni-1) 
and thoriuni-Cg are half absorbed in 0*41 mm. of almninium foil, the 
softer p-rays from thoriiim-D in 0*32 mm., and the harder p-rays from 
thorium-Cg in 0*48 mm. (calculated). 

It may be remarked that in one branch derived from thorium-C 
p-(with y-) rays follow a-rays, and in the otluT branch p-( without y-) 
rays prc^cede a-rays. 

This is the first known example of penetrating p-rays, unaccom- 
panied by y-rays. 

According to Meitner, ^ however, thorium-C is not homogeneous, 

^ This extraordinarily short period of average life is calculated from the range (8-10 cm.) 
by means of the Geiger-Nuttall relation (Geiger and Niittall, Phil. Mag., 1911, [vi], 22, 
619 ; 1912, 23, 439 ; 24, 647), which states that tho shorter the period the greater the 
velocity of the expelled a-particle. 

* Meitner, PhysikeU. Zeitach., 1912, 13, 623 ; see also von Hovosy, Phil Mag., 1912, 
[vi], 23, 628. 
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blit consists of two kimis of atoms producing two kinds of a-radiation. 
The (‘\ ideiice for this vie w is in the fact that when nickel plates arc 
imnuTsrd in a solution of thoriiim-C containing stannous chloride the 
(h^jxisit consists of the 65 jier cent, portion, the otht r portion being left 
in solution. Although th(\sc results W(Te criticised,^ it has been shown 
by Barratt and Wood ^ that thorium-C consists of two constituents 
which may be s( parated by taking advantage of their different degrees 
of volatility. 

Whc'Ti the thorium active^ dejiosit on platinum or quartz platcvs is 
h('a.tc‘d for liftc tn minutes in a.n electric furnace whose temp(Tatur(‘ is 
earefully regulated, the 35 per cent, portion of thorium-C giving the 
a-aetivity be gins to volatilise at 750° C., while the; 65 per ciait. portion 
becomes volat ile at 900° C. t'his shows that thorium-C is not homo- 
geneous, as was previously siqqiosed, but that the constituent giving 
first a-rays and the n p-rays is distinct from that which gives first ^-rays 
and then a-rays. 

Tliorium-1) is volatile at about 500° C., a lower t(‘m]ierature than 
that at which thorium-C! or its products are volatile. Therefore, if the 
])r(*pa.ration is heated between 500° C. and 900° Ck so as te) volatilise 
thorium- 1) with its eharacteTistie ^-radiation, p-rays begin to ap^iear 
after cooling, eiwing to the reaecumulation of thorium-D, derived frean 
thorium-C which was not volatilised. But if the^ preparation is heated 
above* 900° (!., so as to volatilise thorium-C!, nei source e)f thorium-I) 
reiuains, and so its p-radiation doe‘s ne)t rt*a])[)ea.r. 

In e)rde*r to ex])ress these results the* disintegration scheme has 
been modilied as fe)llows : 


p (soft) 

t 

— > 15 > 

10*6 hrs. 60 3 mins, 
(vol. at 750'' C.) (voL jit 900'^ C*) 



do 


por 


Oont, 


a (.'5-0 (? 4-55) cin.J 
f ^ B and v 

^Ca ^ 1) >1 

I iTiin. 3*07 min. 

(vol. at 750° 0 .) (vol. at 500° C.) 

* [8-6 (V 8-16) cm.] 

>‘l 

10-11 sec. 


Thorium-C (or C/d) of half-change period 00*»3 minutes (instead of 
79 minutes) is now su]i])ose*d to branedi, giving rise to two products, 
the first of which, CV., with half-change period of about 1 minute (calcu- 
lated from the Ciciger-Nuttall relation), has not previously been re‘cog- 
nised. It is this which was ^ olatilised in the electric furnace at 750° C. 
and is the parent of thoriurn-D. 

In tln‘ other branch the original C.^ disappears, since its p-rays are 
given off by C/d, and the former C' is promoted to the place of Cg. It 
will be observ(’d that C/ii aiul Ca are so called because they give rise to 
P* and a-rays respec^tively. 

Tboriiim**D 9 which uiuh^r ordinary conditions begins to volatilise 
at 520° C., is alt (‘red by treatment with hydrochloric acid, so that it 
begins to > olatilise at 270° C. and is completely volatilised below 500° C. 
It is more soluble in acids and more volatile than any other thorium 

^ Marsden and Wibon, Phil, Mag., 1913, [vi], 26 , 354. 

2 Barratt and Wood, Proc. Physical 80 c., 1914, 26 , 248. 
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products^ and is completely volatiliscM hy healing a wire on vvhieli 
it is deposited for 80 seconds in the Riuisc'n flame. It has a half- 
change j)eriod of 3*07 minutes; moreover, il is the last known member 
of the scries and its decay a])j)ears to be complete, there be ing no feeble 
residual activity as there is in the case of radium. If tlie ultimate 
product, sometimes known as thorium-E, is not entirely stabJ(^ it must 
possess a ]ifc-p(Tiod of at least two million years. ’ 

The final disinte gration product in ])oth branclus should be isotopic* 
{t)ide infra) with h ad, and }ia\ c- the same atomic weight, 2()<S* 

Several other matters connected with LIk* radioaeli\ ity of thorium, 
not included in the above Iiistorieal study, may hv.Tc be noticed. 

Isotopy in the Thorium Scries , — Tlu*. idea of isotopy arose from a 
study of ra,dioa(d:ive cluinges with reference to the P(‘riodic Law ; 
and it may be bridly staled luTc that the loss of an a-parlieh*, with 
four units of atomic weight, transfers an ehunent ])aek into the* ])r(‘v ious 
group but one in the periodic tabli!, whilst tlie loss oi“ a p-parliclc 
without alt(Tation of atomic weight carri(\s the elenu'iit one stage 
forward into the ju'xt group of the table.^ Conse quently by successive* 
losses of a- and p-])articlcs a disintcgratiTig cleanent may pass backwards 
and fe)rwarels through different grou])s of tlie perie)elic system. It 
the*re'forc follows that the radioactive ele*ment in the course* of its 
history will coincide in position witli various other e h^ments occupying 
well-recognised places in the system, although its atomic* weiglit will 
not ge iierally be iele'iitical with that of the elemc^nt with whieh it coiu- 
cieles. Elements whieh thus occupy the^ same place* in the* periodic 
table are; found to be* cliemically non-separablc and ide'ntical, and are 
said to be isotojiic and to constitute a group of isotopes. 

The isotopes of the; thorium disint(*gration products are as follow^ ; 
the; Roman numerals indicate the perioelic group to which the; isotopes 
belong : 

IV A. Thorium is isotopic with uranium-X, ionium, radiothorium, 
radioactinium. 

II A, Mesothorium-1 is isotopic with thoriuni-X, actinium-X, 

radium.^ 

III A. Mesothorium-2 is isotopic with actiniuim 

IV A. Radiothorium is isotopic Avith thorium, ionium, uranium-X, 

radioactinium. 

II A. Thorium-X is isotopic with mcseAhorium-1, actinium-X, 
radium. 

O. Thorium-emanation is isotopic with radium and actinium 
emanations. 

VI B. Thorium-A is isotopic with radium-A, polonium, thorium-Cg. 
IV B. Thorium-B is isotopic with radium-B, actinium-B, radium-D, 
lead.® 

^ Von Lerch and von Wartberg, Sitzungsher. K, Akad, IVt'.w. U)09, [ii, a], ii8, 

1575. 

* Von Lcrch, Sitzungsher, K, Akad, Wiss, Wien, 1907, fii, a], ii6, 144.'}. 

® Vide Soddy, The Chemistry of the Radio- Elements ^ pt. ii (Longmans and Co., 1914). 

* Flock, Trans, Ch^m. Soc.y 1913, 103, 381, 1052; Kuascll, ChcMi. ^‘ew 3 , 1913, 107, 
49; von Hovosy, Physihal, Zeitsch., 1913, 14, 49; Fajans, ibid., 1913, 14, 131, 130; 
Soddy, Chem, News, 1913, 107, 97 ; Jalir, Radioakt, Electronik, 1913, 10, 188. 

® Marckwald, Ber., 1910, 43, 3420; Soddy, Trans, Ohem, 80 c., 1911, 99, 72. 

* Fleck, Trans, Chem. Soc., 1913, 103, 381, 1052. 
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V B, Thorium-C/3 is isotopic with radium-C, actiniurn-C, radium-E, 

bismuth.^ 

Ill Ib Tlioriiim-T) is isotopic with actiniiim-D, thallium.^ 

Since all isoto})ic elemcaits are chemically identical, it follows tliat 
the number of new elements brought to light by tlie science of radio- 
activity is f(^w(}r than would at first sight ap[)ear. The new elenuaits 
in the above list an; radium, polonium, and the emanation. Tlu; 
remarkable conclusion to be drawn from these studies is that elcotrieal 
content and not mass dc;tcrinines the physical and chemical pro])cTties 
of an element, sinev; isotopes have different atomic W(;ights but identical 
pro]xu’ties. 

IVie Preparaiioti and Utility of Mesothorium-l. — The isotopy of 
mesothorium-1 with radium suggests that preparations of the; fornK;r 
substance may be useal as a substitute for radium preparations. More- 
over, enormous quanti tiers of tlujrium minerals are new workeel up in 
conne'ction with the gas-mantle industry ; and eonseejuently mese)- 
thorium-1, which is a by-product of this industry, has recerntly assume el 
commercial imporLa.nce. Me sothorium-l is sej)a.rated from the tliorium 
derived from monazite sand by adding a small cpiantity of a barium 
compound to the sand prewieuis to e)r during its treatment with con- 
ccntratecl sulphuric acid. When the product is poured into water 
the whole of the; mesothorium-1 is obtaine^d, togerther with barium sul- 
phate, in the lighte r portion of th(‘ residue, be‘e‘ause this substance, be'ing 
isotofuc with radium in Greuip 11 A, forms an exe^eedingly insoluble 

sulphate. 2 

Further, on account of the cliemical identity e)f mesothorium-1 
with radium, the radium se;parate‘d from pitchblenele and othe;r uranium 
minerals ne'ccssarily contains all the mesothorium in the; mineral ; and, 
conversely, mesothorium prej)arations will contain any raelium presemt 
in their source. The presence of mesothorium-1 in radium may be 
de;tecte;d by measuring the absor])tion coe;ffici(‘nt for y-rays, since the 
y-rays of mesothorium-1 have rather less pe;netrating power than those 
of raelium.^ 

According to Ifahn ^ the monazite sand from which mesothorium 
is prepared contains 0*3 per cent, of uranium, and 4 te> 5 per cent, 
thoria ; and of the activity of the preparation 75 per C(uit. is due to 
mesothorium and 25 per cent, to radium. Mesothorium, however, is 
characterised by a developing activity which reaches its maximum in 
3*2 years and then begins to decay ; after ten yc'ars this activity is 
still greater than when the substance was first preparc*d, and afte r 
tw('nty years is about half as great. When freed from inactive material 
the product is four times as actii^c as a pure radium compound, and 
contains 1 per cent, of mesothorium to 99 per cent, of radium. It may 
be seen, therefore, that although less permanent than radium, meso- 
thorium preparations are a valuable substitute for ])Mre radium 
compounds. 

The complete series of thorium disintegration products is shown in the 
accompanying chart, in which the times are periods of average life.® 

* Fleck, Trans. Cheni. 8oc., 191.3, 103 , 381, 1052. 

® Soddy, Trans. Cheni. 8oc.r 1911, 99 , 72. 

® Russell and Soddy, Phil. Mag., 191 i, [vi], 21 , 130. 

* Hahn, Chem. Zeit., 1911, 35 , 845. 

^ Period of average life = period of half-change X 1*44. 
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Tlioriiiin . . IV A 

2*0 X 10^® years 


V Q 


Mesothorinm-l 
7*9 j^cars 



IT A ( 228-4 
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M(‘sothoriurn-2 . Ill A {2284 
8*9 hours 

Radioi.liorimn 
2*91 years 




IV A (^228^ V 

> V3/ W 


Thoriiini-X 
5-25 days 


Kniaiintioii. 
78*09 seconds 


Thorium- A 
0*20 second 


Thorium- 13 
15*4 hours 


Thorium-(.V:i 
87 minutes 



O ^^0^— 

VI 1$ 
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'\!!j 


->© 



Thorium-Cg 
10"^ ‘ second 
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Tliorium-Ca 
1 •44irnnulc(?) 


Thorium-D 
4*5 rninidcis 



CHAPTER VII 

GERMANIUM AND ITS COMPOUNDS 

GERMANIUM 

Symbol, Ge. Atomic weight, 72*5 (O — 16) . 

Occurrence. — Gcrmaiiinm is a rare clement occurring in very few 
minerals. The chief of these is argifrodite, found at Freiberg in Saxony, 
with which canjielditc from Bolivia apj)ears to b(i nearly identical. 
Winkler,^ who first investigated argyrodifc and discovered gcTinanium 
in it, attributed to the mineral the formula ^AggS.GeS.^, but Penfield ^ 
and Kolbeck ^ liavc shown that it is more accurately rc])rcsented by 
the formula 4Ag2S.GeS2, as the following figures show : 



S. 

Ag. 

Argyroditc . 

1713 

74-72 

Canfieldite . 

1704 

76-0.5 

4Ag2S.GeS2 . 

17-06 

76-52 

SAggS.GeS.^ . 

lcS-2l 

73-56 


Go. 

Hg. 

! 

' Fo,Zn 
and 

UciSidiK'. 

i 

Total. 

0-93 

0-31 

1 0-88 

99-07 

6-55 

— 

! ()-42 

100-00 

6-42 

— 

1 

100-00 

8-23 

— 

1 

! 

100-00 


Germanium is also found in Mexican blende, in euxenite^ to the 
extent of 0-1 per cent., also in samarskite, tantalite, fergusonite, 
niohite and gadolinite,^ but argyroditc remains the chief source of the 
element. 

Discovery. — Winkler® analysed argyroditc, but his first analytical 
figures added up to only 93-94 per cent. As in the analogous case of 
ciesium, the deficiency was subsequently accounted for by the discovery 
of a new clement, isolated by Winkler in 1886, and called by him 
germanium. Winkler at first thought that this new clement would fill 
the supposed gap between antimony and bismuth, but soon recognised 
it to be quadrivalent and identical with Mcndelceff’s ekasilicon, one 
of the elements predicted by means of the Periodic Law. 

^ Winkler, Ber., 1880, 19 , 210. 

^ IV-ufield, Amer. J. Sci,, 1893, [iii], 46 , 107 ; see also Goldschmidt, Zcitach, Krysl, 
Min.y 1908, 45 , 548. 

® Kolbeck, Cliem Zen^r., 1908, ii, 340; from Zentr.J. Min. 71 . Oeoh, 1908, 331. 

^ Kruss, Ber., 1888, 21 , 131. 

® Chroustschoff, Chem. Zevtr.j 1895, ii, 977. 

Winkler, Ber., 1886, 19, 210, 
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The predicted and realised properties of gernianiLirn and its com- 
pounds are here shown side by side : 

Ekasilicont. Germanium. 

Atomic weight 72 . Atomic weight 72*5. 

Density 5.5. Density 5- 1G9. 

Oxide, EsOg, density 4*7. Oxide, GeOg, density 4-703. 

Chloride, ESCI 4 , liquid, B.P. slightly Chloride, GeCl^, lifjuid, B.P. 80° C., 
b(dow 100° C., density 1-9. density 1'8(S7. 

Ethide, £8(02115)4, liquid, B.P. 100 ° Ethide, CMciC^llp)^, liquid, B.P. 100 ° 
C., density 0*90. C., slightly lighter than water. 

Fluoride, ESF4, not gaseous. Fluoride, Gi-t^.SlIaO, solid. 

Preparation. — 1 'he metal was prepared by Winkler ^ i'rom argyrodite 
in the following way. Thrc'c parts of the linely pow^dered mineral w^re 
fused at a bright red heat with six parts of potassium nitrate and three 
parts of jjotassiuni carbonate. The alkali gerrnanate^ thus formed was 
separated from the mt'tallic silver by extraction with water, and the 
soJul-ion Avas CA’^aporated with sul])huric acid till nitric acid ceased to 
be evolved. Most of the germanium thtm separated as dioxide, and 
the remainde r wais i)reci])itat(‘d as sulphide, which was roasted and 
convcTtcd finally into oxide V)y treatment with nitric acid, ^fliis oxide 
was further j)urified by being converted into the insoluble germani- 
lluoride K^GeF^., and thence into sulphid(‘, GeS 2 , by fusion with potash 
and sulphur; the sulpliide was afterwards decomposed by sulphuric acid, 
and so ri'con vertex! into oxide. The oxide was then reduced by hc‘ating 
it with carbon, and the resulting metal, after being washed with water, 
wxis purified by fusion with ])orax. The metal may also be obtainecl 
from potassium german ifluoride, KgGeFg, by reduction in a stre^arn of 
hydrogcui or with sodium ; or the dioxide can be n'duced by hydrogen 
or magnesium. Urbain, Blondel, and Obiedoff have extracted 5 grams 
of pure germanium from 550 kilograms of a Mexican blende.^ 

Properties. — Germanium is a greyish white', brittle, lustrous metal 
which crystallises in tlie regular system ; its density at 20 ° C. is 5*469, 
and it imdts at 958° + 5° C., and wdien saturated with oxid(' at 
916° -f 5° C.^ According to Winkler^ th(! boiling-point of germanium 
is not much above its melting-point ; Mt-yer and Mensching,^ however, 
have found little sign of volatility when the metal is heated to 1350° C. 
in an atmosphere of hydrogem or nitrogen ; but in ])resence of some 
oxide, vapour is observed from 750° C. onwards.''* The specific heat 
was found by Nilson and Pettersson ® to vary somewhat with temperature 
as follows : 


Temperature ° C. . 

0 °- 100 ° 

0 °- 211 ° 

0°~301*5° 

0°-440 

Specific heat 

0*0737 

0*0773 

0*0768 

0*0757 

Atomic heat . 

5*34 

5*59 

5*55 

5*47 


^ Winkler, J. prakt. Chenu, 1887, 36, 177. 

^ Urbain, Blondel, and Obiedoff, Compt. rend., 1910, 150, 1758. 
® Biltz, Zeitsch. anorg. Chem., 1911, 72, 313. 

* Winkler, J. prakt. Chem., 1886, 34, 177. 

® V. Meyer and Mensching, Bex., 1887, 20, 497. 

Nilson and Pettersson, Zeitsch. physikal Chem., 1887, i, 87. 
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The most intense lines in the spectrum of jTcrmaniiim arc as follow ^ : 

Arc : 2592 01, 2651*28, 2651*69, 2691*45, 2709*70, 2754*69, 3039*22, 
3269*62. 

Spark : 2592*65, 2651*29, 2651*69, 2709*69, 2754*68, 8039*20, 4179*20, 
4226*76. 

Germanium dissolvers in aqua re^ria, but not in hydrochloric acid, 
wdiilst towards iiitrie acid it behaves like* tin, beiii" converted into the 
dioxide. It is oxidised at hi^h tonperature^, ancl ee)mbine?s directly 
with the lialogcns. 

ATOMIC WEIGHT OF GERMANIUM 

The* e)reler of maj^nitude of the* atomic wca^dit of germanium has 
neveT be‘en in epiestion, since beie)re the discovery of this metal a 
space with a corr<‘spe)neling ate>mic weight was alle)tted to it by M(M1- 
delecff in his Pe riodic 'liable. “ We must expe ct the eiiscoveTy of 
many 3 ^ct unkne)wm elements,” saiel Menelede'e ff in his Faraday Lecture 
in 1889 ; ‘‘ fe)r example*, elements anale)gous to aluminium anel silicon, 
whose atomic wenghts wxjuld be bettween 65 and 75.” ^ The elcniemts 
refcTreel to are gallium, Ga (atomic weight = 69*6), anel germanium, 
(h‘ (atomic weight — 72*5). That the atomic weight of geTnianium 
is jibeait 72 is shown as follows. The specific heat ^ of the metal between 
0° C. and 440° C. is 0*0737-0*0757, which gives an atomic Jxe at of 5*84- 
5*47 if the atomic weight is 72*5. This value is furtlu^r su})pe)rLed b}^ 
the isomorphism ^ of potassium germanifluoride, 6» 

corresponding silicilluoride, atomic weight e)f gennauium 

was det(*rmmed by WinkleT ® in 1886, and no more recent determination 
has been made. A we‘ighed quantity of purified germanium tetra- 
chloride was added to excess of standardised silver nitrate solution, 
and th(! silver nariaining in solution after pn eipitation of the chlorine 
w*as titrated with ammonium thiocyanate solution, according to 
Volhard’s method. As the mean of four closely agn^eing n'sults, 
germanium tetrachloride?, GeCl 4 , w^as found to contain 66*173 
pcT cent, of chlorine ; and from this ])ercentage the atomic Aveight 
Ge ~ 72*32 I- 0*045 was calculated on the basis H == 1, O --- 15*96, 
Ag 107*66. This vakie was recalculated by Clarke® in 1910 on 

the basis O — 16*000, Ag — 107*880 and Cl === 35*458, so that 
Gc -- 72*504. 

The value adopted by the International Atomic Weights Committee 
for 1917 is Ge -= 72*5. 

1 FA'nor and Haachok, Die SpeJetren clcr ElemerUe. hei normalcm Drtick (Leipzig and 
Wien, 19U). 

2 Meridcleeff, Trans. Oliem. Soc., 1889, 55 , 635. 

* Nilson and Pottersson, ZdtscJi. physikal. Chrm., 1887, i, 87. 

« Tlio argument is precisely the same as that detailed under titanium, p. 235. 

Winkler, J. prakl. Chem..t 1886, 34 , 177. 

Clarke, A Rccalrnhition of t/ie Atomic Weights, Smithsonian Collections, Washington, 
1910, vol. liv. No. 3, p. 286. 
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COMPOUNDS OF GERMANIUM 

Gc^nnainuin ivs(*inblc*s tin in behaving l)olh as a bivalent: and a 
qiiadrivak nl (‘lenu nt. Roth oxide s, Gd) and (h O^, are slightly soluble^ 
in wate]', forming faintly avid sohitions ; tlu'V also dissoh t* in acids, 
but form no oxy-salts. The sulj)hides are well known, and liny n scmble 
thos(‘ of tin in forming thio-salts with alkali sulphides. Germanium 
resembles silieon in forming the* hvdriele Gell^ anel the chloroform 
GeIICl.j, whilst the etomplex fluoride* KoGcF,; resenibles potassium silici- 
Huoride. KoSiF^.. Tlu* cxiste*ncc of germaniiim Ivtra-ethyl, (^*(('2115)4, 
is iji accorel with the ])osition the: eleme-nt e)ccu])ics at tlu' heael of Sub- 
grou]) IV 1? in the Pt riodic Table. 

The fe)llowing an* the* componnels of germanium : 



Ue». 


Hydride 

Elhide or tetra- 

— 

GeH4 

ethyl 

— 

GcllL'l;, 

Chloroform 

_ - 

Halides 

GeF.; GeCl 2 

Gef 4 ; (iieCl 4 ; GeBr4 ; 
CicI 4 1 H oGc'l* /> 

Oxycliloride 

— 

GeOCh 

Oxid('s 

GeO 

GeO/ 

Hydroxides 

Ge(OH).> or HGeO OH 

GeO(OH)2(?):Ge(011)4(V) 

Suljihides . 

GeS 

Ih'S. 


Germanium Hydride, (k*H4.- In fe)rming a gaseous hyelriele: ger- 
manium redates itself to silicon and the non-me‘tals rather than te) tlie 
metals. 

This compound was not e)btained by Winkler, but was tirst pre‘])ared 
by Vocgelen ^ by reducing germanium chloride Avith sodium amalgam, 
or Avith nascent hydrogen gencrate*d as in Marsh’s test. The hydrogen, 
mixed Avith ge/rmanium hydride*, burns with a bluish re;d flame and 
deposits a mirre^r on a cedd surface*, Avhich is soluble in se)dium hypo- 
chlorite solution. The de]:)Osit obtaine*d by heating the tube through 
which the* gas passes is red in transmitteei and green in re flected light. 
When the gas is passed into silver nitrate sedution gemianiiim-silver 
is precipitated, which is converte*d into germanic oxide. Ge02, by 
concentrated nitric acid. By the anal^^sis of this ce)mj)uimd, as well 
as by ])assing the hydride over finely diAuded sulphur in a strong light 
and comparing the amounts of germanium and hydroge'u sulphide 
formed, the discoverer attemipted to decide betwe*(*n the formiihe 
GeH2(Ge2H4), and Gell4. The analytical results Avere not satisfactory 
owing to the small amount of material available, but they sufficed to 
show that the hydride is very probably GeH4. 

Germanium Tctra-ethyl, Ge(C2H5)4. — The existence of this com- 
pound, the properties of Avhich were foretold by Mendeleeff, shows that 

* Voogelciij Zaiisch. anorg. Chem,, 1902, 30, 326. 
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germanium shares with other mentals of the B subgroups the ability 
to form volatile t)rgano-metallic compounds. It is form(‘d by the 
iiit(Taclion of gernuinic chloride and zinc (‘thyl in an atmospher(‘ of 
carbon dioxides : 

GeCl^ + 2Zn(CJI,), Gc{C,U,), + ‘iZnCl,, 

is sej)arat(‘d from the zinc chloride by water, extracted with ether, 
dried and distilled. 

GcTinanium ethyl is a colourless li(|uid having a f(‘eble odour like 
that of leeks ; it is immisciblt‘ with, and lighb'r than, water, and boils 
at 160° C. Its vapour density ^ at 230° C. is 119 (II ™ 1), which (toiTe- 
sponds to a mohnular weight of 238. Since' tlu‘ molecular W(*ight 
coiTcs])onding to the fornuda G(‘(C'2ll5)4 1^3, the; molecules arc 

probably associated in the state of vaj>onr. The vapour burns with 
a ye llowish red flame and forms an explosive mixture* with oxygen. 

Germanium Chlorofoitn^ GellCbj. — Tliis ce>mj)ounel, like the hyelriele 
G(‘Tl 4 , cenneets germanium with the* nen-metals carbe)n anel silicem. 
Ineieexl GedlC^ closely rc'seanble.s SillClg in chemical })re)})eTties. 

Germanium ehle)roform is forme'd as a vape)ur, coneicaisible in ice.‘ 
te) a volatile liquid, when hydroge'ii chloriele gas is f)asse‘ei e)ve*T slightly 
hcateel powd cre el geTinanium. There is fe)rineel at the same time, 
owing to the pre'senee* of a trace of water, a certain quantity of the 
oxychloriele (ieOCU, which it is diflicult te) rc'moNe* from the chlejroform. 
(ieTinanium erhle)re)fe)rm is a coloiates Jiepiiel bejiJing at 72° which 
becomes turbiel on exposure te) air e)wiiig to the formation of the oxy- 
chloride, and is de‘Compe)sed by water, with se^paration e>f germanous 
hydroxide, thus : 

GellCla + 211 2 O - Ge(OH)2 + 3ITC1. 

'J'his manner e)f de'ceniipeisition does not at first appear to be analogous 
to that of silicon chle:)roform, which reacts thus with water : 



but if Ge( 0 II )2 is regarded as an analogues of formic acid, having the 
constitution ITGeDOli, the analogy bccome*s appare'iit. 

The vapour density of GcdIClg lias been found to be 79-9 ^ (H = 1) ; 
since the theoretical value is 89’I there appears to be some dissociation. 


GEBMANILM HALIDES 

Germanous Fluoride^ GcFg* formed as a dark-coloured mass, mixed 
with metallic germanium, when potassium germaniliuoridc, KgGeFg, 
is heated in a current of hydrogen.^ The presence of the lower fluoride is 

^ Moyer and Mensching, Ber.f 1887, 20 , 497. 

- Winkler, ,/. Chem., 1887, 36, 177. 
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sJiownby the formation of tlie brown moiiosnlphide, GeS, when hydrogen 
snlpliide is passed through the a({neoiis extract of tlic product. 

Germanic Fluoride, GeF 4 , has not been obtfuiu d in a ])ur(‘ anhydrous 
state, but is probably formed wlien tlu^ erystailoliydrate Gc'F4.3il20 
is }i(‘ated in a stream of carbon dioxi(^le, as wdJ as w luai a mixture of 
germanic oxide, calcium fluoride, and sulj)hurie acid is distilled. 

The hydrate GeF4.3n20 ^ is obtained in large crystals wluai a 
solution of the dioxide in aqiuous hydrofluoric acid is (waporat(‘d 
over sulphuric acid. These crystals arc hygrosco])ic and easily dissolve 
in water ; the solution, how^cver, suffers hydrolysis, so that glass is 
etclied by the liberated h^nirofluoric acid. 

Hydrofluogermanic Acid,^ IlgGeF^, is formed in solution in a-n 
analogous way to ITgSiFg, i.c, by passing the vapour of llie tctralluoride 
into water : 

3GeF4 -1- 2 II 2 O - ‘JlI^GcFg + Gc O.^. 

The reaction differs, however, from the anak>gous reaction of silicon 
Lefrafluoride, beca.use the hydratc'd gcTinanic oxide fornud rtinains 
in solution. The; addition of potash to the; solution ])rodu(‘i‘s potassium 
germanilluoride, W'hilst excess of ammonia precipitates th(‘ oxide. 

Potassium Geirmanifluoride {Fluogemianaic)^ ol)ta-ined 

in the course of extraction c^f germanium from argyrodite. It is l)cst 
prepared ^ by dissolving 2 parts of gcTinanic oxicle in 12 ])arts of a 
20 per cent, solution of hydrofluoric acid and adding 3 parts of potas- 
sium chloride in eonecavtrated solution. After first s(‘j)arating as a 
jcdly the salt is eventually obtained in hexagonal crystals isonior])hous 
with ammonium silici fluoride. According to Wiiikk r 1 part of j)otaS“ 
sium germanifluoride dissolves in 174 parts of water at C. and in 
34 parts at 100° C. 

Germanous Chloride,^ GeClg, is formed whcai hydrogen chloride^ gas 
is passed ov(.t the luxated monosulphide, GeS. It is a eok)urk‘Ss liejuid 
which fumes in the air and is decomposed by watcT with s(‘paration 
of the corresponding Inalroxidc ; it consecpiently poss(^ss( s no saline 
properties. Its solution in concentrated hyclrochloric acid is a powerful 
reducing agent. 

Germanic Chloride, may be pr(‘j)ared - by the union of the 

elements, excess of chlorine being remo^'(d by shaking the product 
^vith mercury ; or by distilling the metal or the disulphide’ with nuTcuric 
chloride. It is a thin, colourless liquid, having a density of 1-887 at 
18° C., and boiling at 86° C. ; its critical temperature is 270*9° C. and 
critical pressure 38 atmospheres ; it do(‘s not solidify at ~ 80° C. ; its 
vapour density at 301-5° C. was found to be 7-43 and 7-46 (air 1 ) ^ 
or 107-0 and 107*4 (H = 1), theory for GeCl 4 requiring 7*40 (air r- n 
or 106*6 (II = 1) ; it is slowly decomposed by water with separation of 
the hydrated dioxide, and is reduced to metal when its vapour, mixed 
with hydrogen, is passed through a red-hot tube. 

Germanium Oxychloride,^ GcOClg, is produced from germanium 
chloroform by oxidation when the latter substance is being prepared 
by warming germanium in a current of h 3 ^drogen chloride gas. It is 
also formed when a fine stream of air or oxygen is led through the 

1 Winkler, J. prakt. Chem., 1887, 36 , 177. 

2 Winkler, J. prakt, Chem., 1886, 34 , 177. 

® Nilson and Pettersson, Zcitsch, physikal. Ghent, ^ 1887, I, 87. 
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clilorofonii, and ^’adually separates thcTcdorin a,s an oily liquid. Germa- 
nium oxyehloridc is a colourless liquid, less mobile than, and immiscible 
witli, germanium chloroform ; it does not fume in the air, and boils 
above K) 0 ^ C. 

Germanic Bromide/ Gel}r 4 , formed by tlic union of its elements, 
or by distilling a mixtures of mercuric bromide and ^fcrmauium, is a 
colourless liejuiel which sedielifie's at 0 ° C. to a while crystalline mass. 
It funie‘s in the air ajul is hydrolysexl by whaler, with separatiem of the 
1 ly elr a t e ‘el el i ox i eh \ 

Germanic Iodide/ Gel 4 , is formed by the union e)f its elements, 
or by the' inte ractie)!! of germanic chk>riele‘ and potassium iodide. It 
is an oraiij^e^ se>liel, which nu'lts at 114° C. and boils above 300° C. Its 
vapour density at 440° C. is ‘J0-4G (air — 1 ) en* 294-G (II 1 ), thc'ory fen; 
Gc'I j rexjuirin<^ 20*0 (air - 1 ) or 28S*0 (II — 1 ). At a somewhat higher 
tem])(‘ratur(‘ th(‘ vapour l)(‘gius to disse>ciate. The sediei ie)eiide de- 
liquesces in the air anel tla'ii graelually le>ses ie)eline‘ anel absorbs oxygen, 
so passing into the elioxiele*. 


(JEHMVNIUM AND THE OXYGEN GROUP 


Germanous Oxide, GcO, is e>btaine‘d by heating the hyelroxiele in an 
inert atrnospliere, or i)y he'aiing the' dioxiele with metallic germanium 
or with magnesium, lliltz/ however, ce)ulel not bring about llie reaction 

GeO., 1- (ie ... 2GeO. 

Ge'rinanous oxieh; is a greyish blank penveh'r wliicli is ve)latilc ^ anel 
eliss(dves in hydre)e‘hlorie* aciel, forming a soluLie>n e)f ge'rinanous chloride. 

Germanous Hydroxide, Ge‘( 01 I) 2 , is formed as a y^ellow’ ])recij)itatc 
when alkali is adeled to a sohitieni of the ce)rresponeling chloride. It is 
semiewhat soluble in water, to wiiich it inijiarts its yellow colenir, and 
alse) in exe'e'SS of alkali. If the; hydroxiele is heateel with the liquiel 
fre)m which it has been })ree*i})itate;d it is reeldencd, and this is believeel 
te) be due to the tautomeric ediangc : 


on 

/ 


\ 

on 


OH 

/ 

Ge=0 

\ 

H 


the' latteT substance being the; germanium analogue of fe)rmic acid. 
This id(;a is stre'iigthe'ne'd by the fact that germanous hydroxide is 
produced by t he a,ction e)f water on germanium chlorofe)rm : 

IIGcClg 4 2H2O = HGeOOH 4- 3 I 1 C 1 
IIGeOOll ^ Ge(OH)2. 

Hantzsch ^ has shown that the hydroxide;s of zinc, glucinum, leael, 
tin (stamie)us), anel germanium all behave as feeble acids whose; strengths 
increase in the order given. This has been done by measuring the 
electric conductivities of alkaline solutions of these hydroxides and 

1 Winkler, J. ^rrakt. Chem., 1887, 36, 177. 

* Biltz, Zeitsch. anorg. Chem.y 1911, 72, 313. 

3 Hantzsch, Zeitsch, anorg. Chem., 1902, 30, 289. 
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also by determining the rate of hydrolysis of ethyl acetate by such 
solutions, and comparing these effects with those produced by the 
alkali alone. Thus an indication is given of the extent to which the 
metallic hydroxide is combined with the alkali to form a salt, and 
so of the acidic strength of this hydroxide. Thence it aj)pt;ars that 
germanoiis hydroxide is a slightly weaker acid than acetic acid. It is 
to be noted that the acidic character of these hydroxides of germanium, 
tin, and lead depends upon the ability of the elements to become 
quadrivalent, and al^o that the acidic strengths diminish with increase 
of atomic weight. 

Germanic Oxide, GCO 2 . — The preparation of germanic oxide from 
argyrodite has already been described under thc‘ mttal. This oxide 
may also be obtained by burning the nu^tal, by oxidising the sulphide 
by nitric or sulphuric acid or by roasting, and by decomposing the 
chloride with water and igniting the product. 

Germanium dioxide is a dense white powder, having a density ^ 
of 4*703 at 18° C. ; it can be medted to a clear liquid, but is not volatile 
at 1025° C.^ It is somewhat soluble in water, 1 part dissolving in 
247*1 parts of water at 20° C. and in 95*3 parts at 100° C. ; the solution 
reacts acid, and from it on evaporation the anhydrous oxide separates 
in microscopic rhombic crystals.^ The ignited oxide forms with water 
an emulsion which becom(\s clear on heating owing to the formation 
of a colloidal solution. Germanium dioxide dissolves both in acids 
and alkalis ; in the former case germanic salts appear to be produced 
in solution, in the latter alkali germanates. Carbon dioxide precipitates 
colloidal hydrated germanic oxide from alkali solution.^ Neither of 
the hydroxides GeO(OII )2 or Ge(OH )4 is definitely known. 

Gennanous Sulphide, GeS, the best characterised germanous com- 
pound, may be prepared in the dry or wet way. In the dry way it is 
produced by heating a mixture of the disulphide and metallic gc^r- 
manium in a current of carbon dioxide, or by igniting the disulphidej in 
a stream of hydrogen. In the latter case reduction may proceed as far 
as the metal. In the wet way the sulphide is obtained by jirccipitatiug 
a germanous solution with hydrogen sulphide. Precipitated, amor])hous 
germanous sulphide is brownish red, but when this comjiound is prepared 
in the dry way it is obtained in thin greyish black, metallic-looking 
plates, which arc rhombic or monoclinic and appear red by transmitted 
light ® ; it melts to a dark-coloured liquid and can be vaporised without 
decomposition, the vapour density® at 1100° C. being 3*54 (air — 1) 
or 51*0 (H = 1), theory for GeS requiring 3*60 (air = 1) or 51-8 (II = 1). 
This sulphide is slightly soluble in water, and dissolves in concentrated 
hydrochloric acid, forming a solution from which it is reprecipitated 
by hydrogen sulphide, thus : 

GeS + 2HC1 GeCla + II 2 S. 

It also dissolves in alkalis and is precipitated again by acid ; with 
yellow ammonium sulphide it forms a thio-salt of GeS.». Thus GeS 

^ Nilson and Petterseon, Zeitach, phyaihal. Cliem,^ 1887, i, 87. 

* Biltz, Zeitsch. anorg, Chem.f 1911, 72 , 313. 

® Haushofer, Sitzungber. Akad, Wisa. Miinchen, 1887, i, 133; see also Bcr., 1887, 20 , 
Ref. 660. 

* Van Bemmelen, Rec. Trav. chim,, 1887, 6 , 206; see also Ber., 1887, 20 , Ref. 544. 

« Kriiss, Ber,, 1888, 21 , 131. 

* Nilson and Pettersson, ibid. 
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resembles SnS in chemical properties, though it is probably more acidic 
than the latter sulphide. When the precipitated sulphide is washed 
it shows a tendency to pass into the colloidal state. 

Germanic Sulphide, GeSg, probably occurs naturally in argyrodite. 
It is obtairuid as a voluminous white precipitate by passing hydrogen 
sulphide through a solution of geriuanic oxide, or by adding mineral 
acid to a solution of germanous sulphide, GeS, in yellow ammonium 
sulphide. Weak organic acids, such as acetic acid, do not precipitate 
this solution omng to the stability of the complex thio-gcrmanic ion 
which is present ; and indeed a large excess of mineral acid must be 
used to complete the precipitation. 

Germanium disulphide is a white powder difficult to wet with 
water, but soluble in 221*9 parts of water, forming a solution which 
will precipitate various less soluble metallic sulphides. The aqueous 
solution quickly decomposes, with evolution of hydrogen sulphide. 
This sulphide readily dissolves in alkali hydroxide solution with forma- 
tion of thio-germanate, a derivative of thio-germanic acid which is 
probably HgGeSg, 

Geitnaniiim Ultramarine. — ^When germanium oxide, sodium car- 
bonate, and sulphur arc fused together a blue colour results. This is 
probably due to the formation of germanium ultramarine, an analogue 
of ultramarine in which GcOg takes the place of SiOg.^ 

DETECTION AND ESTIMATION OF GERMANIUM 

Germanium compounds do not colour the Bunsen flame, but the 
spark spectrum of the element shows a number of bright lines, especially 
in the blue and violet. 

From germanous solutions alkalis precipitate the yellow hydroxide, 
potassium ferrocyanide the white ferrocyanidc, hydrogen sulphide 
the brown sulphide GeS ; germanous solutions reduce chromate and 
permanganate and precipitate gold from the chloride. 

Alkalis yie ld no precipitate with gcrmanic solutions, since hydrated 
germanic oxide becomes colloidal and excess of alkali forms germanate. 
Ammonia and ammonium and sodium carbonates partially precipitate 
the hydrated dioxide. The most characteristic reaction is the formation 
of the w^hite sulphide, soluble in excess of ammonium sulphide ; this 
compound serves for the gravimetric estimation of germanium. 

* See this series, voL iv. 



CHAPTER VTII 

TIN AND ITS COMPOUNDS 

TIN {Simirmm) 

Symbol, Sn, Atomic weight, 118*7 (O = 16) 

Occurrence. — Tin rarely occurs native. It has been found in gold sand 
at Tipuani in Bolivia,^ in small quantities in Siberia and Guiana, and 
in bismuthite from Mexico. 

Cassiterite or tinstone, Sn02, containing when pure 78*6 per cent, 
of the metal, is the only important ore of tin. It is found in lodes 
or veins in granite and metamorphic schistose rocks, in Stock- werke,” 
i.e. small ramifying veins, and in pockets, as well as in beds or flats. 
Such tin ore is called lode-tin. The same ore is also found in alluvial 
deposits in the form of water- worn nodules, and is then known as stream- 
tin, When it possesse s a fibrous structure it is called wood-tin, 

Cassiterite is usually accompanied by quartz, mica, fluors])ar, 
apatite, felspar and other silicates, the sulphides of various metals — 
mispickel, magnetic iron ore, native bismuth, wolfram, and molybdenite. 
On account of the removal of foreign materials by water, stream-tin, 
though not so plentiful, is purer than lode-tin. 

The most important European locality in which tinstone is found 
is still its ancient source : Cornwall and Devon. Tinstone is also 
found in Saxony, Bohemia, Spain, Portugal, France, the United States, 
Chili, Peru, China, Japan, the Malay Peninsula, and the adjacent islands : 
Banca, Java, Billiton, Sumatra, and Carimon ; also in New South Wales, 
Queensland, Western Australia, Tasmania, and some parts of Africa. 
The greatest quantity of tin is obtained from Cornwall, the East Indies, 
Australia, and Bolivia. 

Another mineral containing tin is tin pyrites or hell-metal ore, which 
is an isomorphous mixture of the sulphides of tin, zinc, iron, and 
copper. It is found at Huel Rock, St. Agnes, Cornwall, but on 
account of its rarity is not worked. Tin is also found in small quantity 
in epidote, columbite, and tantalite, in mineral waters, and in some 
meteorites. 

History. — The use of tin as a constituent of bronze dates back to 
prehistoric times. The age of bronze, which in some countries inter- 
vened between the age of stone and that of iron, is considered by 
Montelius ^ to date back in the case of Britain to 2500 b.c. The “ tin ” 
of the Old Testament, which is a translation of the Hebrew word 
bedkil and appears as the Greek word Kaaa-irepos in the Septuagint, 
is probably a copper-tin alloy which was known in Egypt in 1600 n.c. 

1 Forbes, Phil. Mag,, 1865, fiv], 30, 139. 

* Montelius, Archeologia, 1909, 61, 97 ; see Gowland, “ The Huxley Memorial Lecture 
for 1912,” J, Roy. Anthrop, Inst, 
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Ancient bronze (Gr. L. aes) was an alloy of copper with a little 

tin, and was employed by the Greeks for coinage till 400 b.c., when 
the tin began to be displaced by lead. About the Christian era the 
word KaaaiTqws, which is ])robably conne(‘t('d with the Arabic “ Kasdir,” 
meaning tin, came to Ix^ applie d to this metal ; so the British Isles, 
whence* Julius C'jesar brought tin, were called the Cassitcrides. Tin 
was also known about this timci as pkimhuvi album or candidum, in 
contradistinction to lead, which was lylumhum nigrum ; and Caisar has 
the following passage about this metal in Bellum gallicum, v, 12 : 
“ Nascitur ibi (in Britannia) plumbum album in mediis regionibus, 
in maritirnis fc^rrum, sed eius exigua cst copia ; acre utuntur impor- 
tato ” ; whilst Pliny ^ thus describes the source of the metal : “ Ex 
adv(Tso Celtiberia* complurcs sunt insula% Cassitcrides dictse grsecis, 
a fertilitate plumbi.” 

The Pha*nicians arc said to have brought tin from the Cassitcrides ; 
and during the Roman oceupahion of Britain tin was taken from the 
Cornish mines across to Tktis or St. Michaers Mount at low water, 
whence it was shipped to Gaul and carried t)la Marseilles to Italy ; 
it was also obtained about the same time from Spain and Portugal. 
It would appear from the names applied to tin and lead that these 
metals were recognised as distinct species ; that they were regarded, 
however, rather as varieties of one metal is shown by the following 
passage of Pliny : “ Sequitur naturae plumbi cujus duo genera, nigrum 
atquc candidum.” The word stannum is found in the -writings of 
Pliny, but it appears to have be(‘n used at that time, not for tin, but 
for lead and its alloys ; it was first applied to tin in the fourth century 
of our era. Some interesting information concerning the preparation 
and uses of tin is contained in a Greek papyrus of the third century, 
discovered at Thebes and preserved in the Museum of Antiquities at 
Leyden.2 In the Latin works of the thirteenth century which are 
professedly translations of the Arabian alchemist Gebcr {b, a.d. 765) 
some important properties of metallic tin arc mentioned, such as its 
“ cry ” and its power of imparting brittleness to alloys. On account 
of this latter property tin was called by the Western alchemists diabolus 
metallorum. Tin was one of the original metals associated by the 
alchemists with Greek mythology. By the Greek alchemists it was 
termed Hermes ; but later, about the beginning of the sixth century, 
it was identified with Zeus or Jupiter, and received the sign Ij.. 

THE METALLURGY OF TIN 

The essential reaction for obtaining tin from tinstone in the dry 
way is very simple. It consists in the reduction of the oxide with 
carbon thus : 

SnOa + 2C == Sn + 2CO, 

Owing, however, to the large proportion of foreign matter in the ore, 
considerable preliminary treatment is necessary, as well as the refining 
of the liberated metal. Processes are also in use for extracting the 
metal in the wet way and by electrometallurgy. 

^ Pliny, Natural History, 4 , 22. 

• Rouvens and Leemans, Papyrus yrecs du Musie d^ArdiquiUs de Leyde, Tome II 
(E. J. BrUl, 1886). 
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Extraction of Tin in the Dry Way. — This process involves the 
following operations : 

(i) Purification of the ore. 

(ii) Reduction of stannic oxide. 

(hi) Recovery of tin from slags. 

(iv) Refining of tin. 

(i) Purification of the Ore, — Tinstone may contain originally as little 
as between 1 and 2 per cent, of the metal ; by the processes of purifica- 
tion this pro]>ortion is raised to between 50 and 70 per cent. The 
impurities in the ore have not simply a negative inlliumcc ; they arc 
positively injurious for two reasons : (i) The oxides of heavy metals, 
especially ferric oxide, would be reduced at the same time as tJie tin and 
the metals alloy with it. (ii) Silica and alkalis com])ine with stannic 
oxide to form resjx ctively silieat(‘ of tin and alkali staunatc, and in both 
cases tin would enter the slag. Moreover, tin ore; frequently contains 
wolfram, (Fc,Mn)W 04 , and scheelite, CaWO^, which must be removed, 
as well as arsenic and sulphur in the form of arsenical and common 
pyrites, which may be oxidised and vaporised by roasting. The 
processes hy which the ore is purilied arc threefold: (1) dressing, 
(2) roasting, (3) lixiviation. 

(1) The dressing of the ore secures the removal of a large proportion 
of siliceous gangue. The ore is crushed and washed to remove the 
lighter particles of gangue, this being easily effected owing to the 
high density of the stannic oxide. 

(2) The roasting process converts sulphur into sulphur dioxide, 
which escapes, and arsenic into arsenious oxide, which is condensed, 
though some of this clement remains as ferric arsenate, wdiicli needs 
to be specially reduced. The ore, after roasting, contains besides 
stannic oxide, oxides of iron, cop])er, and bismuth, sulphates of copper 
and iron, tungsten compounds, and small quantities of unaltered 
sulphides and arsenides. 

The roasting process is carried out in furnaces provided with fixed 
or movable roasting chambers. 

A furnace with a fixed roasting chamber, such as is employed in 
Saxony, is shown in Fig. 9. The or(i is dried on the roof of the furnace 
and then dropped through the opening A into the roasting chamber B, 
A sliding door leading to the chimney D can be oj)ened or closed at 
will, and the same applies to the damper leading to the flue E. By 
this flue the arsenious oxide vapour passes to chambers where it is 
condensed. 

An important form of movable roasUT is Oxland and Hocking’s 
revolving calciner, which is used in Cornwall for ores rich in sulphur 
and arsenic. 

The calciner, shown in Fig. 10, consists of a cylind(‘r, R, 30 to 40 feet 
long and from 4 to 0 feet in diameter ; it is built of boiler-plate and 
lined with fire-brick. Tlie inclination of this cylinder depends upon 
the rate at which it is desirable to roast the ore ; it makes from 3 to 
8 revolutions per minute. The ore, which is dried on the roof of tiie 
condensing chamber, is fed in through the hop})cr A, and is distributed 
within the revolving cylinder B by means of four longitudinal ridges. 
Hot gases from the fire at C are drawn with air up the cylinder, and 
the arsenious oxide formed by the volatilisation and oxidation of the 
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arsenic in the ore is condensed and deposited in the series of chambers, 
Z>, shown at the ri^Iit of the figure, while the calcined ore drops through 
the opening in the arch fixed at the lower end of the cylinder into 
the chamber E, From 20 to 25 tons of ore can be roasted jper diem 
in this calciner, 1 cwt. of coal being required per ton of ore. 

(♦-5) Th(‘ roasted ore is next lixiviated to remove soluble oxidation 
products. If copper sulphate is present it is washed out with water, 
af'ter which hydrochloric acid is employed to extract oxides of copper, 
iron, and bismuth. The cojiper is preci[)itatc‘d from solution by iron, 
and the bismuth by water, as oxychloride. 

Tungsten compounds are removed from th(‘ ore at this stage by 
means of a magne tic separator, which attracts the wolfram, or by an 



Fiq. 9. Furnace for tin ores, with fixed roasting chamber (Saxony). 

A. Opening through which the ore enters the chamlJer after being roasted on 
the roof. B Roasting chamber. C. Fireplace. I). Chimney. E. Flue by 
which arsenious oxide passes to condensing chambers. 


oxidising fusion with sodium sulphate, which converts the tungsten 
into sodium tungstate. 

(ii) Reduction of Stannic Oxide . — The reduction of stannic oxide to 
mcjtal, by smelting it with charcoal or anthracite, is carried out cither 
in shaft furnaces, constructed on the principle of the blast-furnace used 
in iron-smelting, or in reverberatory furnaces. The former method is 
adopted in Saxony, Bohemia, Finland, Bolivia, Burma, Siam and 
the Malay Peninsula, Banca, Billiton, South China, and Japan ; the 
latter in England, France, Germany, Spain, Mexico, California, and 
the Malay Peninsula. 

A shaft furnace, as used in Saxony, is about 10 ft. high, is built 
of granite or gneiss, and is lined with granite. It is trapezoidal in 
cross-section and tapers towards the base. The blast is conveyed by 
two tuyeres which enter the furnace at the back. The molten 
products pass through the “ eye ” at the base of the furnace into the 
i’orehcartb, where the slag and tin separate from each other. The 
metal obtained in this ^n-occss contains about 97 per cent, of tin, the 
rest being copper and iron; the slag consists chiefly of silica, ferrous 
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oxide, and stannic oxide, and may contain as much as 30 per cent, 
of the latter substance. 

A reverberatory furnace, such as is used m Cornwall, consists of a 



shallow elliptical bed, which may be 14 to 18 ft. long and 8 to 12 ft. 
wide {Ay Fig. 11). The bed is made of firebrick and lasts about three 
months ; it slopes towards the middle and to the taphole. The charge 
is introduced by a door C opposite the taphole and worked through 
another door D opposite the firebridge. The whole process lasts from 
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six to twelve hours, and the impure tin is run off into a kettle or float 
placed to receive it. The slag produced is variable in composition. 
Som(‘ is so poor in tin that it may be thrown away ; other contains 
prills ” of metal, or is rich enough in stannic oxide to me rit further 
treatment. 

(iii) Recovery of Tin from Slags . — The tin contained in slags is eitluT 
in the form of mechanically enclosed metal, or as stannic oxide combined 
with silica. The free metal may be recovered by crushing the slag and 
washing it, or by the settling out of the metal in the molten condition. 
The mental is obtained from the combined oxide either by reduction 
or precipitation. Reduction consists in resmelting with coal after 
the addition of a stronger base, such as lime, which liberates the stannic 
oxide from the silica ; precipitation is smelting with iron, which displaces 
tin, forming ferrous silicate. 

(iv) Refining of Tin . — Crude or raw tin from th(‘ shaft or rever- 
beratory furnace contains small quantitie s of iron, le nd, antime)ny, and 
arsemic, which arc reinove^d by the process of refining. This consists 
of liquatiori and hailing and tossing. 

Liquation is the gradual heating of the metal till the pure and 
more fusible tin melts and runs away, leaving behind the less fusible 
liquation-dross. It is carried out in Saxony and Bohemia directly 
the metal has been tapper! from the forediearth of the shaft furnace, 
upon the liquation-heaith, which is simply an inclined plate with ridges 
upon it, down which the t)urified molten metal runs. In the English 
process the tin is remelted and liquated in either the same or a specially 
constructed rcverb(Tatory furnace, and then boiled in the refining pot 
or k(*ttle. This boiling consists in stirring with a bundle of green 
twigs the molten metal kept hot by a fire underneath the pot. The 
dry distillation of the wood generates gas which keeps up a bubbling 
action within the molten metal and secures its ( xposure to the air. 
The dross or boil-scum is removed from the surface of the metal. 
Tossing consists in removing the liquid metal from the pot in a ladle 
and pouring it back again from a height. This likewise secures aeration 
and oxidation of impurities, which are similarly removed. 

For the extraction of tin in the wet way various chcimical methods 
have been devised, but they have been applied chiefly to the recovery 
of tin from tin-plate, and result in the preparation of tin salts rather 
than the metal itself. Obsolete methods ^ consisted in dissolving the 
tin from the plate in acid or alkali and then precipitating the metal 
from sohition with iron or zinc, or preparing the oxide and smelting 
it with coal. Among the methods now in use is that of attacking 
the plate with chlorine gas and obtaining a solid hydrate of stannic 
chloride.2 An electrolytic method consists in packing loosened chips 
of tin-plate in wire baskets immersed in hot caustic soda solution. 
These baskets serve as anodes, whilst the iron vessel containing the 
soda is made the cathode. The tin is obtained as a spongiform mass 
on passing a current of 1-5 volt. 

Electrometallurgical Processes have been applied to the extraction 
of tin from its ores and slags, but without much success ; the metal 
is recovered from tin-plate, however, and is also refined successfully 

^ For a detailed account of these methods see Handbook of Metallurgy, by Schnabel 
and I^uis (Macmillan & Co.), 2nd odn., 1907, vol. ii, p. 540. 

* Ibid., see also article in American Machiniai, 1914, 40, 791, 
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by this means. Both acid and basic electrolytes, solutions of 
tin salts and of stannates or thiostannates respectively, have been 
used, but the latter solutions yield the better results. A solution 
proi>osed l)y Borehers ^ contains 3 to 5 per cent, of sodium stannate 
e nd 12 to 15 per cent, of common salt. The addition of the salt confers 
lii^h conductivity on the solution, and enables the tin to be obtained 
as a spon^^y metallic dej)osit when a current of 50 to 150 amperes at 
2 to 8 volts is cinployed, with the solution at a temperature of 40° C. 
to 50° C. Tin has been refinc'd electrolytically through the medium 
of a solution of sodium thiostannatc.*^ 

Cominercial tin reachc's a high state of })urity ; it seldom contains 
less than 90 })er cent, of the metal. Although all tin has been refined, 
the best (piality is known as refilled tin. It is made form thcj purest 
ores and submitted to a lengthened process of refining. The ordinary 
quality of tin is cast into moulds and known as block tin. The purity 
of tin may be judged by melting it and casting it in an ingot mould. 
The ingot should be smooth, bright, and rounded ; small impurities 
will sharpen its edges and cause it to ‘‘ frost ” over on solidifying, whilst 
much impurity will give the? metal a yellow or purple tinge. 

Grain tin is i)roduced from refined tin by heating it to a temperature 
a little below its meltiiig-point to induce crystallisation and make it 
brittle. It is then brokc'ii by a hammer or dropped from a height. 
Thc! masses thus obtained show a columnar structure. 

The London Mental Exchange recognises two classes of tin ; Class A 
containing not less than 99*75 per cent, and Class B not less than 
99 per cent, of the metal ; and these official brands include thc follow- 
ing : Straits, Australian, Banca, Billiton, English, German, and Chinese. 

Thc Ibllowiiig analyses show the composition of typical brands 
of tin : 



Tin. 

Sb. 

As. 

Pb. 

Bi. 

Cu. 

Fe. 

Ag. 

S. 

Banca . 

99-950 

0-007 

nil 

trace 

nil 

0-018 

0-046 

nil 

trace 

Billiton 

99-900 

0-006 

nil 

nil 

nil 

0-023 

nil 

nil 

nil 

Williams |No.3 

99-200 1 

i 0-300 

0-037 

0-390 

0-007 

0-100 1 

0-013 

0-014 

0-006 

llarvoy & Co. J No.4 

99-941 

0-011 ! 

0-022 

trace 

0-001 

0-020 

trace 

trace 

0-005 

Bod ruth 

99-100 

0-178 1 

0-053 

0-177 

0-017 

0-445 ! 

0-014 

0-006 

0-008 

Chinese, No. 1 

99-343 

0-031 1 

1 0-040 

! 

0-434 

0-007 

0-052 ! 

0-010 

trace 

0-011 


Physical Properties. — Tin exists in three allotropic modifications. 
The form stable at ordinary atmospheric temperature (above 18° C.) 
is in tetragonal crystals, which at low temperatures pass more or less 
ra})idly into “ grey tin,” and at temperatures somewhat below the 
melting-point undergo transition into rhombic crystals. The following 
properties are those of tetragonal tin : 

Tin is a white, highly lustrous metal, having a density at 16° C. 
of 7*8()1 or 7*3137 after heating to near its melting-point.® The density 
of the freshly fused metal is 7*287 at 15° C.^ Tin expands in melting ; 
the density of the solid metal at 226*5° C. is 7*1835, and that of the 

^ Borehers, Ehktrometallurgie, p. 164. 

2 Glaus, ZeiiseJu Elektrochem.t 1908, 8, 168, 169. 

* Spring, J. Ohim, jJiys., 1903, i, 693. 

* (J5ohen and Goldschmidt, Zeitsdi, physikaL Chem., 1904, 50, 225. 
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liquid metal at the same temperature 6-988 (Cohen). The crystalline 
structure of the metal is well seen when tinplate is etched with hydro- 
chloric acid containing fre^e chlorine or with stannic chloride, a pattern 
(moire meialllque) res(imbling frost pictures being produced. Crystal- 
lised tin is, however, best seen in the tin- tree or arbor Jovis, which 
is formed when a rod of zinc is suspended in a solution of stannous 
chloride (Ilsemann, 1786). Fine crystals of the metal are likewise 
obtained when wat(T with zinc-dust in sus])ension is added to stannous 
chloride-, as well a*, when this solution is (electrolysed. The cry ” 
of tin, a creaking noise ])roduced when a bar of the metal is bent, is 
due to the grinding of the crystals against one anothcT. According 
to Gaubert ^ macles — ix, twinned crystals — of tin may be prodticcfd 
on the under surface of a smooth sheet of the metal when it is suddenly 
pic-rced by a needle, and the cry ” of tin is })robably due to tlie forma- 
tion of these macles. The folding or twisting of a sheet of tin also 
gives rise to twinned bands. Tin is harder than lead, but softer than 
gold ; it is malleable at ordinary temperature, and can be beaten or 
rolled into shec-t or foil ; it is also ductile, increasing in ductility up 
to 100° C., but is not tenacious, a wire 0-08 in. in diameter breaking 
under a load of 54 lb. 

At 200° C, tin becomes brittle and can be })owdered. The mean 
coefficient of linear expansion of the metal be tween 0° C. and 100° C. 
is 0-00002296 ^ ; its specific heat is 0-0524 at 18° C. and 0-0564 at 100° C.,^ 
wln-nce the atomic heat is 6-2 and 6-7 respectively. The thermal 
conductivity at 18° C. of block tin is 0-1458 gram caloric^s, and of tin- 
wire 0-1549 gram calories ; whilst the electric conductivities of these 
two forms of the mental at 18° C. are 8-28 x 10^ and 8-82 X 10^ units 

respectively.® Tin obeys the law of Wiedemann and Franz that g == 

constant, where X is thermal and K electric conductivity, and also the 
law of Lorenz that this ratio is proportional to the absolute tem- 
perature.® 

As with many other metals, the melting-point of tin has been 
variously given. The most reliable results arc those of Waidner and 
Burgess,^ who give the value 231-9° C.® Other (‘arlier but less reliable 
results are those of I ley cock and Neville ® and BogadcTow.*^ The 
former observers found the melting-point to be 231-5° C., the latter 
231-14° C. and 231-25° C., whilst for the purest English tin, containing 
only a trace of iron, arsenic and phosphorus, Bogaderow found 230-92° C. 
Tin is said to volatilise between 1450° C. and 1600° C. (Carnellcy and 
Williams), but its boiling-point, which is very high, is not known with ^ 
accuracy. Greenwood® gives the value 2270° C. Various alloys of* 
tin have been fractionally distilled in the electric furnace.® The 

1 Gaubert, Compt. rend., 1914, 159 , 680; cf. Ewing and Rosenhain, Phil. Trans., 
1900, A, 193 . 353 ; 1901, A, I9S» 279, 

® Matthiessen, Proc. Roy, Soc., 1866, 15 , 220. 

® Jaeger and Diessclhorst, W isaenscluiftl. Ahfumdl. phys.-tech. Eeichsamt., 1900, 3 , 
269. 

* Waidner and Burgess, Bureau Stand., Washington, 1910, 6, 149 ; 1910, 7 , No. 1. 

» On the constant volume nitrogen thermometer scale. 

* Heycock and Neville, Trane. Chem. 80 c., 1890, 57 , 376. 

’ Bogad?|row, Zeitsch. anorg. Chem., 1893, 4 , 474. 

* Greenwood, Proc. Roy. 80 c., 1909, A, 82 , 396 ; 1910, A, 83 , 483. 

* Moissan and O’Farrelley, Compt. rend., 1904, 138 , 1659. 
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spectrum of tin has been studied by Lohuizen, who has expressed the 

relationships between its lines by means of a formula.^ 

The most intense lines in the spectrum of tin are as follow ^ : 

Arc: 2840*17, 2863*53, 3009*33, 3034*25, 3175*16, 8262*50,3330*80, 
3801*19, 4524*90. 

Spark : 2840*] 0, 2863*33, 3175*15, 3262*48, 3801*32, 4524*90, 4585*80, 
6458*00. 

Grey Tin. — In 1851 O. L. Erdmann discovered organ-]Mpes covered 
with warty excrescences which developed into holes owing to the 
conversion of the tin into a grey powder. Similar observations ha\ e 
been repeatedly made. Aristotle spe^aks of tin “ melting at low 
temperature ; and bars of tin kept at Petrograd and Moscow during 
severe winters have b(‘(‘n found covcTcd with a grey powder owing to 
what has been called “ tiii-pc^st ” ; whilst coins and utensils made of 
tin, preserved in museums, have developed spots upon their surfaces 
owing to the contraction of “ muscum-sickness ” ! The cause of this 
behaviour of tin has been investigated by Cohen and van Eijk,® who 
have shown that tin is enantiotropic — ^that is, it exists in two allotropic 
modifications which change the one into the other with change of 
temperature according to the scheme : 

grey tin white tin. 

The transition temperature ^ at which both forms are equally stable* 
lies very near 20 C. ; above this temperature ordinary white tin is 
stable, below it rnetastable. Consequently when the metal is kept 
below 20® C. it continuously changes into the grey form. Under 
ordinary atmospheric conditions the rate of this change is very slow, 
but it is accelerated by lowering of temperature, reaches its maximum 
at about — 50® C., and then diminishes again. Fig. 12 sets forth the 
experimental results of Cohen and van Eijk.®* The density of grey 
tin is not known accurately, but it is about 5*8 at 15° C. 

Rhombic Tin. — Another modification of tin, occurring in rhombic 
crystals,® is formed when tin cools slowly from the molten state ; and 
it is probable that grain tin owes its peculiar structure to this modifica- 
tion. Rhombic tin is also metastable at atmospheric temperature, 
the transition temperature between this form and tetragonal tin being 
variously given as 161® C.,*^ 170® C,,® and 202*8® C.® The heat of trans- 
formation of tetragonal into rhombic tin is 1 4*03 + 0*002 calorics per gram, 
and the volume change 0*00017 c.c. per grara.^® The density of rhombic 

^ Lohuizen, Proc. K. Akad. Wetensch. A7nster(lam, 1912, 15, 31. 

* Exner and Haschek, Die Spektren der Elemenic hei ^lotmcdem Druck (Leipzig and 
Wien. 1911). 

* Cohen and van Eijk, Zeitach, physikal. Chem., 1899, 30, 601 ; 1908, 63, 626 ; 1909, 
68 , 214. 

* See also Jftnocke, Zeitftch. physikdl. Che»n,t 1916, 90, 313. 

® Cohen and van Eijk, Zeitach. physikal, Chem., 1899, 30, 617. 

® Trechmann, J. 3Iiner. JSoc., 1880, 3, 186 ; von Eoullon, Jahrb. kh geol. ReichsamL, 
1884, 367 ; Cohen and Goldschmidt, Zeitsch. phyaikeU. Chem., 1904, 50, 226. 

’ Degens, Dismriation, Delft, 1908. 

* Cohen and Goldschmidt, he. cit. 

» Sinits and de Leeuw, Proc. K. Akad. WeUnach. Amsterdam, 1912, 15, 676 ; see also 
Ann. Phys., 1903, [ivj, lo, 147. 

Wemer, Zeitsch. anorg. Chem., 1913, 83, 276. 
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tin— slightly impure— is 6-525 to 6-557 at 15-8^ C. (Trcchmaim). The 
relations between the three varieties of tin may thus be set forth ; 

(1) Grey tin ^ tetragonal tin, 20° C. 

(2) Tetragonal tin ^ rhombie tin, 161° C. to 202-8° C. 

(8) Rhombie tin molten tin, 281-9° C. 

The heat of transformation of white into grey tin at 278° abs. is 532 
calorics per gram-atom.^ 



Chemical Properties. — Metallic tin remains bright in moist air at 
ordinary temperatures, but is oxidised when sufliciently hc'ated in the 
air. Thus molten tin becomes covered with a grey film containing 
stannous oxide, which is gradually oxidised to cream-coloured stannic 
oxide. Tin also burns to dioxide when sufliciently hc^ated in the air, 
and likewise decomposes steam at a red h(‘at with formation of the 
same oxide. The following thermal values have been established by 
Mixter ® : 

Sn + Og = SnOg (cryst) + 137,200 calories 
Sn + 2Na202 = NagSnOg + NagO + J 33,800 calories. 

In the electropotential series of the metals tin stands just before 
hydrogen ; consequently tin possesses little power of displacing hydrogen 
from dilute acids. Cold dilute hydrochloric and sulphuric acids have 
very little action on tin, but concentrated hydrochloric acid dissolves 
the metal with a fairly brisk evolution of hydrogen and formation of 
stannous chloride in solution. The rate of evolution of hydrogen is 
increased by contact of the tin with copper, silver, or platinum, owing 

^ Bronsted, Zeitsch. phyaikal. Chem,^ 1914, 88 , 479. 

* Cohen and van Eijk, Z&itsch. physikal. Ghem.f 1899, 30 , 617. 

» Mixter, Amer, J, ScL, 1909, [ivj, 27 , 229. 
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to electric action. Hot concentrated sulphuric acid dissolves tin with 
evolution of sulphur dioxide and formation of stannic sulphate, the 
stannous sul})hat(; first formed being oxidised at the expense of the 
sulphuric aeid.^ Very dilute nitric acid gradually dissolves tin without 
evolution of gas, with the formation of stannous and ammonium nitrates ; 
acid of density about 1*3 converts tin to .a white powder, with evolution 
of oxid(‘S of nitrogen. This powder is hydrated mctastannic acid {q.v,), 
probably formed by the decomposition of unstable stannic nitrate. 
Tin resembles antimony in its behaviour towards nitric acid, and this 
behaviour signifies the position which these metals occupy amongst the 
elements ; that is, it shows them to be metalloids, intermediate between 
non-metals and metals. For representatives of these three classes of 
elements behave thus towards nitric acid : 

Metal. Metalloid. Non-metal. 

Soluble nitrate. Insoluble liydrated Soluble oxyaeid. 

oxide. 

Absolute nitric acid has no action on tin. Aqua regia dissolves tin, 
forming stannic chloride, provided too much nitric acid is not present ; 
otherwise metastannic acid separates. Diluted organic acids act 
very slowly on tin in the presence of air. The metal dissolves in warm 
concentrated alkalis with formation of alkali stannate and evolution 
of hydrogen. Stannate is formed rather than stannitc owing to the 
superior acidity of stannic tin ; indeed a solution of stannitc decomposes 
on conce ntration into stannate and metallic tin. 

Uses of Tin. — Because it resists the action of air, water and vegetable 
acids, and so keeps a bright surface, tin is a very useful metal for house- 
hold and technical purposes. It is employed alone in place of lead for 
making pipes used for condensation in distilling industries, and also in the 
form of tin-foil, now so widely used for wrapping purposes. Its chief use, 
however, is as a coating for other metals, i.e. for tin-plate ; it is also a 
constituent of a number of important alloys shortly to be described. 

The manufacture of tin-foil depends on the propcTty of tin, which it 
share's with other metals, of becoming malleable at an elevated tem- 
perature. Thus at 100° C. tin is sulTiciently malleable to be rolled into 
thin sheet and foil. Tin-foil was formerly much used in an amalgamated 
state for making mirrors, but it has now been largely replaced by silver. 

The art of tinning brass and copper was known to the Romans, and 
so thin was the coating obtained by them that Pliny states that copper 
when tinned does not increase in weight. The tinning of iron, which 
is the most important part of the modern industry, probably originated 
in Bohemia early in the seventeenth century. An English tin-plate 
company was formed in 1670 ; and the industry flourishes now chiefly 
in South Wales. 

Formerly wrought-iron formed the basis of tin-plate, but now 
Siemens’ mild steel is chiefly employed. Bars of mild steel are rolled 
into plates of suitable thickness, which are “ pickled ” in dilute sulphuric 
or hydrochloric acid, annealed, cold-rolled, reannealed at lower tempera- 
ture, pickled again in weaker acid, washed with water, and introduced, 
wet, into the tinning machine. This consists of a box containing 
molten tin and divided by a partition extending into the metal. On 
one half of the molten metal a flux of zinc cliloride floats, on the 

^ J. and H. S. Pattiuson, J. Soc. Chem» /nd., 1898, 214. 



TIN AND ITS COMPOUNDS 835 

other half is a layer of hot grease. The jjlate is passed through the 
flux into the molten metal and under the pai'tition, so as to emerge 
through the grease. It is then passed thiuiigh rollers Avhi(*]i remove 
rurplus tin and induce a smooth and bright snrlace on the plate. 

Formerly thc^ plate was treated in a series of j)ots, in which it was 
first dried in hot grease, then coated witli tin, and afterwords brushed 
with oil to cause an alloy of tin and iron to be formed ; then it was 
immersed in a pot of purest tin, covered with oil, to give it a second 
coating, and passed through rollers immersed in hot oil ; it was next 
cooled in oil, and finally cleansed by lx ing scrubbed with bran and 
chalk. Copper, brass, or iron wire is tiniud by being wound off a 
drum through cleaning and rinsing vats and a drying nu'dium, and 
then through molten tin. A vessel is tinned on its interior by means 
of molten tin poured into it whilst it is hot ; the tin is then rubbcid over 
the surface by rags, a little rosin or sal annnoiiiac being employed to 
prevent oxidation. 


ATOMIC WEIGHT OF TIN 

That the atomic weight of tin is approximately 119 is indicated 
by the following considerations : 

(i) The specific heal of the cast metal between 0° C. and 100° is 
0*0559. Assuming, in accordance with Dulong and Petit’s law,^ a 
mean atomic heat of 0*4, the atomic weight of tin must be about 115. 

(ii) Stannic oxide is isornorphous with titanic oxide, whilst lino* 
stannates arc isornorphous with fluotitanates, etc. Analysis of these 
compounds and the apjflication of Mitscherlich’s law indicate; an 
atomic weight of 119 for tin.^ 

(iii) There is a space in the P<‘riodic Table for an clement of atomic 
weight lying between 114-8 and 120*2, and the properties of tin indicate 
that it would fill that space very satisfactorily. 

Numerous attempts luive been made to de termine with accuracy the 
atomic weight of tin, but it was not until the beginning of the year 1915 
that a thoroughly satisfactory result was arrived at. The results obtai tied 
by Gay Lussac,^ Berzelius,^ Mulder,^ Vlaandcren,® Dumas, and van 
dcr Plaats ® are now merely of historical interest, and are briefly sum- 
marised in the table on p. 836. The value for the atomic weight of 
tin that was accepted by the International Atomic W(iights Committee 
from 1903 to 1915, namely 119*0, was based solely on the work of Bon- 
gartz and Classen®; but it has now been replac(;d by Briscoe’s value, 
namely 118*7. 

Bongartz and Classen carried out five series of experiments involving 
(a) the oxidation of electrolytic tin to stannic oxide ; (b) electrolysis of 
ammonium stannichloride ; (c) electrolysis of potassium stanni chloride ; 
(d) electrolysis of stannic bromide; and {e) the preparation of stannic 
sulphide from electrolytic tin and the estimation of its sulphur by oxi~ 

^ See this series, vol. i, p. 89. 

* See remarks on Titanium, p. 235. 

® Gay Lussjie, Ann. Chim., 1811, 8o, 163. 

* Berzelius, OilherCs Annalen^ 1812, 40, 272. 

® Mulder, J. prakt. Chem., 1849, 48, 35. 

® Vlaanderen, Jahresher.^ 1858, p. 183. 

’ Dumas, Ann. CMm. Phys., 1859, [iii], 55, 156. 

, * Van der Plaats, Compt. rend., 1885, 100, 62. 

» Bongartz and Classen, Ber., 1888, 21, 2900. 
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dising to sulpliate and }m'ci})itating as barium sulphate. The mean 
result dcdueible from the ratios found by these investigators is Sn = 
11905. 

Six y(‘ars later Schmidt ^ made a single determination of the atomic 
weight of tin, which yielded the value 118-49. Meyer and Kerstein ^ 
as the result of two detc'rminations of the ratio Sn : SnOg found the 
value 117-54. 

Undoubt(‘dly the most accurate work is that recently published 
by Brisco(i,‘^ who determined the value for the ratio SnCl 4 : 4Ag. 
Stannic chloride was })r(^pared by din-ct union of its elements, purifu^d 
by fractional distillation, and collected and sealed in glass bulbs. The 
chlorine was estimated by breaking one of the bulbs in a solution of 
silver in nitric acid, whereby silver chloride was precipitated — the 
proc(‘ss being completed by subsequent addition of silver nitrate solution, 
and finally by titration with standard silver nitrate or sodium chloride 
solution, according to circa imstanees. The process of the titration 
and the attainment of the end-point were ascertained nephelomctrically. 
From the mean of fifteen highly concordant experiments the atomic 
weight of tin was found to be 118*()98. 

The following table summarises the results of the diffcjrcnt investi- 
gators referred to abov^e : 


Authority. 

Ratio Measured. 

No. of 
Experi- 
ments 

Atomic 
Weight of 
Tin.-* 

Gay Lussae, 1811 

Sn : SnOa = 100 : 127-2 

1 

117-6 

Berzelius, 1812 . 

Sn : SnO, -= 100 : 127-2 

1 

117-6 

Miildcr, 1849 . 

Sn : SnOg = 100 ; 127-517 

3 

116-3 

Vlaandcrcn, 1858 

Sn : SnO, 100 : 127-082 

2 

118-2 

Dumas, 1859 

Sn : SnOa = 100 : 127-105 

2 

11806 

Van dcr Plants, 

SnCl, : 4Afr 60-207 : 100 

2 

117-98 

1885 

Bongartz and 

Sn : SnOa = 100 : 127-102 

1 7 

118-07 

Classen, 1888 . 

Sn : SnOa = 100 : 126-877 

11 

119-06 


Sn : (NH 4 )aSnCle = 32-369 : 100 

IG 

119-09 


Sn : KaSnClg = 29-040 : 100 

10 

119-07 


SnBr, : Sn = 100 : 27-123 

10 

118-97 


Sn : 2 BaS 04 = 100 : 392-056 

8 

119-08 

Schmidt, 1894 • 
Meyer and Ker- 

Sn : SnO a = 0-5248 : 0-6659 

1 

118-49 

stcin, 1913 

Sn : SnOa = 1-9719 : 2-5087 

2 

117-54 

Briscoe, 1915 

SnCl, : 4Ag = 60-8742 : 100 

15 

118*698 


* F. W. Schmidt., Ber., 1894, 27, 2743. 

* Moyer and Kerstein, Ber,, 1913, 46, 2882. 

* Briscoe, Trans. Ckem. Soc., 1915, 107, G3. 

* In calculating the atomic weights from the ratios given in this table the following 
fundamental values have been used ; O = 16-000 ; H = 1*00762 ; Cl = 35-467 ; 
Br « 79-916 ; Ag = 107-880 ; Ba 137*363 ; N = 14-008 : K = 39-100 ; S -= 32-066., 
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The figure 118 ' 70 , which appears to approach very closely to the 
true value, was in 1916 acccjited by the Atomic Weights Conimittee. 


ALLOYS OF TIN 

Tin forms many important alloys, and these may be divided 
into two classe s — those which contain copper and those' which do 
not. 

Tin«*Copper Alloys. — The properties of the coj)}H'r-tin alloys — the 
bronzes— bear no definite relation to those of their c*onstituent metals. 
Whilst tin itself is soft and fusibh', its progressive addition to copper 
produces the following changes. Five pcT cent, of tin yields a nearly 
copper-coloured alloy wdiich is toiigli and strong and much harder than 
copper, so that it may be employed for coinage and for engraving 
work. Ten per cent, of tin gives a rich yellow alloy which is still 
harder, so that it must be cast ; and with the addition of more tin up 
to 20 per cent, the alloy becomes sonorous, though somewhat brittle, 
but suitiible for making small bells. With further addition of tin up 
to 24 |)('r cent, an alloy is obtained out of which the largest bells are 
cast ; it is decidedly brittle and has a grey fracture. When 33 per cent, 
of tin is reached the alloy is white and constitutes speculum metal, 
and is so briLthi that it may be powdered in a mortar. The brittleness 
continues till about 65 per cent, of tin is present, after which the hardness 
diminishes as pure tin is approached. 

The tin-copper alloys are here summarised ^ : 

Percentage of Tin, Nature of Alloy. 


5 

Bronze for coinage and medals (a little tin ol^en 
replaced by zinc), Homan nails, engintjcrs’ soft 
gun -metal or brasses.” 

7 

Bronze suitable for mathematical instruments. 

8-5 

Bronze suitable for wheels to be cut with teeth. 

8—12 • • 

Soft bronze of the ancients : 9-10 per cent, for 
gun-metal ; 10-12 per cent, for medium engi- 
neers’ “ brasses.” 

12-14-5 .. 

Hard bronze of the ancients, used for weapons and 
tools. Now used for engineers’ hard bearings. 

16 

Soft musical bells. 

18-20 

Chinese gongs and cymbals. 

20 

Small house bells ; Indian gongs. 

22 

Large house bells. 

24 

Limit for large church bells. 

33 

Often also a little arsenic. Speculum metal. 

66 

“ Temper,” an alloy used to harden pewter. 


Bronze is hardened by a process opposite to that employed with 
steel. Instead of being suddenly cooled by plunging into water, it 
is slowly cooled to induce hardness ; if suddenly cooled it becomes 
soft and malleable. This difference is due to the different kinds of 


VOL. V 


Vide Thorpe, Dictionary, vol. v, art. Tin (1913) 
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crystals that are formed at different temperatures.^ Repeated ham- 
mering and cold working of bronze greatly increases its hardru'ss. 

Two compounds of copper and tin are known ^ : CusSn and Cu^Sn. 
The existence of these compounds, however, is probably insulficient 
to account for the rcanarkable differences in jiroperties between the 
various alloys and their constituent metals. These alloys are probably 
to be regarded as mixtures of one or two definite compounds with 
excess of a solid solution of tin in coppea*. The electrical properties 
of copj)er>tiii alloys have been studied by Ledoux.® 

Bronze hearing metals employed for the b(‘arings of locomotives, is 
an alloy composed of copper 77, tin 8, lead 15 parts. The presence of 
lead diminishes loss by wear and reduces local heating. The function 
of the tin is to provide a solvent medium for copper and lead, which 
do not mix well. 

Phosphor-bronze is bronze containing 5 to 15 per cent, of tin and 
from a trace to 1*75 per cent, of phosphorus, added in the form of 
phosphor-tin. The pliosphorus confers greater hardness, elasticity, 
and toughness u})on the alloy. Manganese and silicon bronzes are 
also ill vogue, but they contain little, if any, tin. 

Other Tin Alloys.— Tin enters into the composition of the following 
alloys, which contain littl(‘ or no copper : common pewter, soft solder, 
type-metal, Britannia metal, plate-pewter, white bearing metal, and 
the; various fusible metals. Only soft solder and common pewter will 
be considc^red here ; the other alloys contain antimony or bismuth 
and will be discussed in Volumi! VI of this serie s. 

Tin and lead will mix in all proportions ; the alloys produced arc 
more fusible than cither separates mctol, and arc^ likewise harder and 
tougher. TIutc is no (*vidcnce, however, of the existence of any 
compound of the two metals. The lead-tin (iiitc^ctic point lies at 181° C. 
at 24*4 atomic per cent. Pb^ ( = 36*0 per cent. Pb by weight). 


No. 

Tin. 

Lead. 

Melting- 
point C. 


Pure 

lead 

327° 

1 

1 

25 

292° 

2 

1 

10 1 

283° 

3 

1 

5 

266° 

4 

1 

3 

250° 

5 

1 

2 

227° 

6 

1 

1 

188° 


No. 

Tin. 

Lead. 

Melting- 
point C. 

7 

H 

1 

168° 

8 

2 

1 

171° 

9 

3 

1 

180° 

10 

4 

1 

185° 

11 

5 

1 

192° 

12 

6 

1 

194° 


Pure 

tin 

! 

231° 


Soft solders are alloys of tin and lead in varying proportions ; they 
occasionally contain bismuth, which lowers their melting-point. The 

^ Vide Desoh, Metallography (Longmans), 1910, p. 319. 

2 Desch, J, Inst, Metals^ 1909, i, 227. 

* Ledonx, Gompt. rend,, 1912, 155 , 35. 

* Begens, Zeitsch, anorg. Chem., 1909, 63 , 207 ; see also Guertler, Zeitsch, Elektrochem, 
1909, 15 , 125, 953; Mazzotto, Ntiovo, dm,, 1910, [v], 19 , i, 216; and Int, ZeUsch, 
Metallographie, 1911, i, 289. 
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table on the previous page (Tomlinson), showing the composition of soft 
solders, with their me lting-points, illustrates the influence of admixture 
upon the melting-points of metals. 

Ordinary soft plumbers’ and tinmen’s solder is made of cqiial parts 
of tin and lead ; fine tinmen’s solder contains 2 parts of tin to 1 of lead. 

Common Pexvter . — The toughest and hardest variety of pewter 
contains 3 jmrts of tin to 1 of lead ; the proportion may, however, rise 
as high as 4 of tin to 1 of lead. 

The following bibliography of the alloys of tin may prove useful ; 


BIBLIOGRAPHY OF ALLOYS OF TIN 


Alloying Element. 

, Rekeuencr. 

1 

Aluminium 

i Guillet, ComjiL rend.. 1001, 133 , 035. 

Anderson and Lean, Proc, Itoy. Soc.^ 1003, 72 , 277 
Shepherd, J. Physical Chem..^ 1904, 8 , 233. 

Pechou.x, Compt. rend.^ 1904, 138 , 1170; 1905, 140 , 
1535. 

Gwycr, Zeiisch. anorg. Chcm.y 1906, 49 , .311. 
Saposhnikoff, J. Russ. Phys. Chem. Sac., 1908, 40 , (>65. 
(Campbell, J. Amer. Chem. Soc.» 1904, 26 , 1306, 

Antimony 

t 

Antimony, copper, iron, and 
lead .... 

Gallagher, J. Physical Oheyn.^ 1906, 10 , 93. 

McCay, ,7. Amer. Ckem. Soc., 1910, 32 , 1241. 
Konstantinoff and SrnirnolT, J. Russ. Phys. CJmn. 

80c., 1911, 43 , 1201 . 

Lcroux, Comp*, rend.f 191.3, 156 , 1764. 

Pontio, Ann. Chim. anal., 1913, 18 , 47, 

Pontio, ibid., 1902, 7 , 16.3. 

Antimony and manganese . 

Williams, Zeitsch. anm'q. Chem., 1907, 55 , 1. 

Antimony and lead . 

Loebe, Metallurgies 19 U, 8 , 7, ^3. 

Antimony, copper, and lead 

Campbell, ibid., 1912, 9 , 422. 

Domorest, J. Jnd. Eng. Chem., 1913, 5 , 842, 

Bismuth .... 

Laws, Phil. Mag., 1904, [vi], 8 , 49. 

Bismuth and lead 

Marenin, J. Russ. Phys. Chem. Soc., 1908, 40 , 393. 
Shephori J. Physical Chem., 1902, 6 , 519. 

Bismuth, lead, and cadmium 

Stolfcl, Zeitsch. anorg. Chem., 1907, 53 , 137. 

Cadmium .... 

Parravano and Sirovich, Gazzetta, 1912, 42 , i, 630. 
Schleicher, Int. Zeitsch. Metallographie, 1912, 2 , 76. 

Cadmium and zinc 

Guertler, ibid., 1912, 2 , 90, 172. 

Mazzotto, ibid., 1913, 4 , 13. 

Lorenz, Zeitsch. anorg. Chem., 1914, 85 , 435. 

Calcium .... 

Vasilies, J. Russ. Phys. Chem. Soc., 1914, 46 , 223. 
Bonski, Zeitsch. anorg. Chem., 1908, 57 , 185. 

Cerium .... 

Vogel, ibid., 1911, 72 , 319. 

Cobalt . • • . 

Ducclliez, Compt. rend., 1907, 144 , 1432; 145 , 43 1, 

Copper .... 

602. 

J..ewkonja, Zeitsch. anorg. Chem., 1908, 59 , 293. 
Schemtschuschny and Belynsky, ibid., 1908, 59 , 364. 
Hoycock and Neville, Proc, Roy. 80c., 1901, 68 , 171 ; 

1902, 69 , 320. Phil. Trans., *190.3, A, 202 , 1. 
Shepherd and Upton, J. Physical Chem., 1906, 9 , 441. 
Shepherd and Blough, ibid.^ 1906, lo, 630. 

Levy, Analyst, 1905, 30 , 361, 

Sackur and Pick, Zeitsch. anorg. Chem., 1908, 58 , 46. 
Giolitti and Tavanti, Gazzetta, 1908, 38 , ii, 209. 
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BIBLIOGRAPHY OF ALLOYS OF TIN —continued 


Alloying Element. PvEFerrnce. 


(Copper (contd.) . . . Ledoux, Compt. rernd., 19] 2, 155, 35, 1249. 

Pusckin and Baskov, J. Buss. Chem. Soc,, 1913, 

45» 74(5. 

Gemniell, J, Soc. Chem. Ind., 1913, 32, 581. 

Haughton, J. InsL MetaUy 1915, 13, 222. 

( ioppor and zinc . , Maey, Zeiisck. physikal. Chem., 1901, 38, 289. 

C(jf)[)er and manganese . Boss and Gray, Froc. Roy. Soc. Edin., 1910, 31, 85. 

Gold .... Vogel, Zeitsch. anonj. Cham., 1905, 46, 60. 

Moissan, Com2>t. rend., 1905, 141, 977. 

Iron .... Isaac and Tanimann, Zcitach. anorg, Chem., 1907, 53, 

281. 

Lead ♦ . . . Sackur. Chem.. ZeMr., 1904, i, 863 ; ii, 1022. 

Giusti, ibid., 1906, i, 1462. 

Berg, Bidl. Soc. chim., 1907, fiv], l, 905. 

Bosonhain and Tucker, Fhil, Trans., 1908, A, 209, SO 
SaposhnikofT, J. Russ. Fhys. Chem. Soc., 190S, 40, 92. 
Hoizmann, Fharm. Zentr.di., 1908, 49, 417. 

Begens, Zeitsch. anorg. Cham., 1909, 63, 207. 

Guertlci*, Zeitsch. Rlcktrochcm., 1909, 15, 125, 953. 
Mazzotfco, Nuooo (Jim., 1910, [v], 19, i, 215. ItU. 
Zeitsch. MeUillographie, 1911, I, 289. 

Load and magnesium , Von Vegcsack, Zeitsch. amrg. Chem., 1907, 54, 307. 
Lead and zinc . . . Levi-Maivano and (k^ccarelli, Gazzetta, 1911, 41, ii, 

269, 314. 

Kictreibor, Oesterr. Chem. Zeit., 1910, [ii], 13, 185. 
Lithium . • . . Lebcau, Compt. rend., 1902, 134, 231 

Niasenson and Crotogino, Chem. Zeit., 1902, 26, 984. 
Magnesium , . . Von Sustscbiiisky, Zeitsch. Kryst. Min., 1003, 38, 264. 

Hollard and Bertiaux, Bull. Soc. chim., 1904, [iiij, 31, 
1128. 

Grube, Zeitsch. anorg. Chem., 1905, 46, 76. 

Kurnakoff and Stepanoff, ibid., 1905, 46, 177. 
Mangane.so , . . Martin, Ann. l*hysik, 1912, [iv], 39, 625. 


Mercury . . • . Roozcbooin and van Heteron, Proc. K. Akad. Wet&nsch. 

Amsterdam, 1903, 5, 373. 

Van Laar, ibid., 1903, 5, 424. 

Van Heteron, Zeitsch. anorg. Chem., 1904, 42, 129. 
Richards and Wilson, Zeitsch, physikal. Chem., 1910, 
72, 129. 

Sieverts and Dehnc, Ber., 1913, 46, 1238. 

Mercury and silver . . Joyner, Trans. Chem. Soc., 1911, 99, 196. 

Knight and Joyner, ibid., 1913, 103, 2247. 

Nickel . . . , Vigouroux, Compt. rend., 1907, 144, 639, 1351 ; 145, 

246, 429. 

Guillct, ibid., 1907, 144, 752. 

Voss, Zeitsch. anorg. Chem., 1908, 57, 34. 

Potassium. , • , Smith, 1907, 56, 109. 

Platinum .... Boerinckel, ibid., 1907, 54, 333. 

Podkopeeff, J. Russ. Fhys. Chem, Soc., 1908, 40, 249. 
Silicon .... Tamaru, Zeitsch. anorg. Chem., 1909, 61, 40. 

Silver .... Petrenko, ibid., 1907, 53, 200. 

Moissan and Watanabe, Compt. rend., 1907, 144, 16 
Sodium .... Mathewson, Zeitsch. anorg. Chem,, 1905, 46, 94. 

Steel .... Guillet, Compt. rend., 1905, 140, 1689. 

Tellurium , . . Fay, J. Amer. Chem. Soc., 1907, 29, 1265. 

Kobayashi, Zeitsch, anorg, Chem., 1910, 69, 1. 
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COMPOUNDS OF TIN 

Tin forms two series of compounds in which the metal is', bi- and 
quadri-valcait respectively. No hydride is known to exist, but v-arious 
stannic alkyls have been obtained, as well as otlua* compounds containing 
Jjydrocarbon radicles, which chicidate the analogy between tin and 
carbon. Stannous oxide is sufficiently basic to form a sulphate and 
an unstable nitrate ; stannic oxid(^ forms a sulphate, but scarcely a 
nitrate, and it is characterised by the powca* to polymerise, forming 
p-mctastannic acid and its derivatives. 

The following are the chief corai)ounds of tin : 



Bivalent Tin. 

Quadrivalent Tin. 

Organo-ractallic compounds 



Sn(CH3)4;Sn(C2H5)4, etc. 
SnF 4 ; KgSnFg. 

Fluorides 

SnFg ; HSn Fg : H 2SnF4. 

Chlorides 

SnClg ; Sn(T2.2H20, and 
other hydrattis. 

Salts of HSnCl, and HgSnCh. 

SnCh ; various hydrates ; 
KgSnCle. 

Bromides , • 

SnBfg ; salts of HSnBig and 
H 2 SnBr 4 . 

SnBr 4 ; HaSnBr,. 

Iodides .... 

Snig ; Snl 2 . 2 H 20 ; KSnIg. 

SnT 4 . 

Oxides . . . . 

SnO. 

SnOa. 

Hydroxides 

Sn(OH) 2 ; 2 Sn 0 .H 20 . 

HaSnOg; HaSn^O^ ; 
SSiiOa.BHaO. 

Oxychloride 

^ 1 

Sn40ftCl2.2Ha0. 

Sulphides. 

SnS ; thiostauiiites. 

SnS a ; thiostannatos. 

Sulphates 

SnSO,. 

Sn(S04)2.2H20. 

Nitrate .... 

Sn(NOg) 2 . 20 ir/). 

Sn(mAu 

Phosphides (Sn.)?, Sn^Pa). Phosphate (indefinite). Arsenides (Sn3As2,Sn4As3, SnAs), 

Staunioxalates. 


ORGANIC COMPOUNDS OF TIN 

Tin Tetramethyl or Tetramethyl Stannane,^ 80(0113)4, prepared by 
the intc^raction of tin-sodium alloy and methyl iodide, is an ethereal 
liephd of density 1*314 at 0^ C., insoluble in water and boiling at 78° C. 
Some tin trimethyl iodide, 811(0113)31, boiling at 170° C. and having a 
density of 2*143 at 0° C., is formed at the same time.2 J'in dimethyl 
di-iodide, 811(0113)212? formed by heating sheet-tin with methyl iodide 
at 150° 0., forms yellow monoclinic crystals which melt at 80° 0., 
forming a liquid which boils at 228° 0. (Oahours). To this compound 
there correspond the oxide 811(0113)20, dimethyl stannone, the chloride 
8n(CH3)20l2, melting at 90° C. and boiling at 188°~190° C., and the 
sulphate 8n(0H3)2SO4. 

Methyl stannic cJdoride, 8nCIl3Cl3, prisms melting at 58° C. ; methyl 
stannic bromide, SnOHgBrg,^ needles melting at 53° C. ; methyl 
stannic iodide, 8nCH3l3, yellow prisms melting at 86*5° C., are formed 
by the action of the corresponding halogen hydracid on methyl stannic 
acid, 8nCH3*0*0H, and are converted into the latter substance by 
the action of ammonia. Methyl stannic acid, which may be regarded 

^ See Smith and Kipping, Trans, Ckem. Soc., 1912, loi, 2554. 

® Ladenburg, Annaten Suppl, 1872, 8, 76 ; Cahours, AnneUen, 1800, X14, 372. 

« Shukoff. Ber., 1905. 38, 2691. 
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as methyl stannonic acidy ClIa-SiiO-OH, is obtained by the action of 
methyl iodid(‘ on potassium stannite, thus ^ : 

HSnOOK + CII3I + KOH = CHgSnOOK + KI + 

tile resulting jiotassium salt being then decomposed by carbonic acid. 
When warmed with alkali solution, however, the potassium salt gradually 
produces dimethyl stannonc and potassium staimate, thus ; 

2CH3SnOOK = (CH3)2SnO + SnO(OK)2, 

by a change analogous to that which acetate undergoes when heated : 

2CH3COOK = (CH8)2C0 + C0(0K)2 ; 

and when dimethyl stannone is distilled with alkali it yields trimethyl 
stannic hydroxide, (CH3)3-Sn‘OH, thus 2 : 

3(0113)38110 + 2KOH = 2(CH3)3SnOH + SnOCOK)^. 

Tin Tctra -ethyl, 811(02115)4, prepared from zinc ethyl and stannous 
chloride,^ according to the following reaction: 

2SnCl2 + 4Zn(C2H3)2 = 811(02115)4 + Sn + 4Zn(C2H5)Cl, 

is a combustible liquid having a density of 1-187 at 28° 0. ; it is insoluble 
in water and boils at 181° 0. Tin tri-ethyl iodide, Sn(C2H6)3l» exists, to 
which there correspond an oxide, hydroxide, and various salts ; like- 
wise the di-ethyl di-iodide, Sn(C2ll5)2l2> salts such as sulphate, 
nitrate, acetate. The ethyl stannic compounds resemble those of 
methyl described above. ^ 

Tin Tri -ethyl, [Sn(C2H6)3]2> a-n analogue of ethane, is formed when 
the iodide Sn(C2H5)3l is distilled with sodium^; tin di-eihyl,Sn 
an analogue of ethylene, is also known. 

There are a few points of general interest connected with some of 
the above compounds. Methyl-ethyl-n-propyl stannic iodide, 

CH3 CgH, 

No/ 

c*h/ \ 

was resolved by Pope and Peachey ® into optically active components. 
Trimethyl stannic hydroxide, Sn(CH3)30H, behaves as a very weak elec- 
trolyte, though it is a somewhat stronger base than aniline.’ Di-ethyl 
stannic sulphate, 811(02115)2804, shows a molecular weight in aqueous 
solution by the cryoscopic method, of 185 to 191, instead of 278, which 
the above formula would indicate, whence it is concluded that this 
salt is largely ionised in such solution.® 

* G. Meyor, J5er., 1883, 16 , 1442 ; Pfeiffer and liehnardt, Ber,, 1903, 36 , 1054. 

“ Cahours, Annaleny I860, 114 , 355. 

* Frankland and Lawranoe, Tram. Chem. 80 c., 1879, 35 , 130. 

« Pfeiffer, Bcr., 1902, 35 , 3303. 

I^adenburg, Annalen SuppL, 1872, 8 , 76. 

® Pope and Peachey, Froe. Chem. Soc., 1900, 16 , 42, 116. 

’ Bredig, Zeiiach. physikal. Chem., 1893, il, 829 ; 1894, 13 , 289. 

® Werner, Zeitsch. anorg. Chem., 1898, 17 , 91. 
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TIN AND THE HALOGENS 

Stannous Fluoride^ SnEg* formed when the metal or the monoxide 
is dissolved in liydroliuoric acid, and is obtained on e\ a])oration of the 
solution in wliite, moiioclinic prisms, ^ stable in air and eompletc'ly 
soluble in water. Stannous fluorides appears to combine with hydro- 
fluoric acid and alkali fluorides forming complex acids and salts of the 
types HSriFg and ligSnl^.^ 

Stannic Fluoride, SnF 4 , has been prepared by the; interaction of 
stannic chlorides and anhydrous hydrogen fluoride at high teni])erature.^ 
It is a snow-white, crystalline, hygroscojflc substance, which has a 
density of 4*78 at 19° C., and boils at 705° C., but sublimes below this 
temperature. It dissolves in water with evolution of heat, forming 
a solution from which hydrated stannic oxide separates on heat- 
ing or allowing to stand. A solution, w^hich decomposes similarly, 
is obtained by dissolving the hydrated oxide in hydrofluoric acid. 
Stannic fluoride combines with ammonia and otlier bases, and also 
with alkali and other fluorides to form stanuifluorides of the type 
M'gSnFe. 

Stannic fluoride forms with ammonia at 43° C. the white solid 
SnF 4 .NH 3 , wdiieli can be hc'ated to 400° C. with loss of very little 
ammonia ; the compound SnF 4 . 2 NH 3 is formed when stannic fluoride 
and ammonia are heated in a sealed tube at 120°-130° C. Both 
compounds dissolve in wati r, but their solutions gradually decompose. 
Aniline, pyridine, and quinoline also form additive compounds wflth 
stannic fluoride. 

The stannifluoridcs were first investigated by Marignac.'* They 
arc isomorphous with the corresponding complex fluorides of silicon, 
titanium, germanium, and zirconium. 

Sodium Staimifluoride, NagSnFg, is obtained by conc(‘ntrating a 
mixed solution of hydrofluoric acid and sodium staunate. It is soluble 
in 19 to 20 parts of water at 20 ° C. and may be heati d strongly without 
decomposition. 

Potassium Stannifluoride, KgSnFg.IIgO, is obtained similarly to 
the sodium salt, or by adding potassium fluoride? solution to stannic 
chloride.® It is known in two forms, in octahedra and in leaflets. 
The former is the* less soluble and mon? stable form at ordinary tempera- 
ture ; both forms are much more soluble in hot than in cold water. 
Hydrofluoric acid is evolved when this compound is treated with 
concentrated sulphuric acid. 

The salts KgSnFg.KF.HF and KgSnFg.KF.SHF have been obtained 
by employing excess of hydrofluoric acid. 

Animonium Stannifluoride, (NH 4 ) 2 SnF 0 , was obtained by Marignac® 
by decomposing the lead or silver salt with ammonium chloride or 
s^phate. It crystallises in rhombohedra. The salt (NIl 4 ) 2 SnF 0 . 2 NH 4 F 
has also been described. Stannifluoridcs of barium, strontium, calcium, 

^ Marignao, Ann, dea Mines, 1867, v, X2; Fr4my, Ann, Chim, Phya,, 1856, iii, 
47» 1* 

* Wagner, Per., 1886, 19, 896. 

« Ruff, Plato, and Graf, 1904, 3^, 673. 

* Woltcr, Chefn. Zeit., 1912, 36, 166. 

^ Marignac, Ann, dea Mines, 1869, [v], 15, 221. 

* £mich, MonMah,, 1904, 25, 907. 
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magnesium, lead, manganese, zinc, cadmium, nickel, copper, and silver 

were also prepared by Marignac. 

Stannous Chloride, SnClg, is formed by heating tin in hydrogen 
cliloridc gas, or by distilling the metal or its amalgam with the requisite 
amount of calomel or corrosive sublimate. It also results from the 
dehydration of the hydrate SnCl 2 . 211 2 O, by leaving it over sul[)huric 
acid in a vacuum, or by heating it in a stream of hydrogi'ii ciiloride 
gas. Anhydrous stannous chloride forms a transj)arent Jiiass witli a 
fatty lustre and a conchoidal fracture. It melts at 250° C., and boils 
at 006° C.^ or 603° C.,^ and is useful for obtaijiing a vapour bath of 
constant high temperature. Fused stannous chloride has remarkable 
reducing properties which have been studied by Sandonnini and 
Aureggi.^ Biltz and Meyer ^ found the vapour densities at various 
temperatures to be as follow : 


Temperature ° C. . 

639 

678 

699 

759*6 

790*2 

1113 

Vapour Density (Air ~ 1 ) 

8 55 

8-57 

8-49 

8-26 

7.7 

7*08 

Vapour Density (11 — 1 ) 

123 

123 

122 

119 

111 

102 


The theoretical value for stannous chloride, SnCl 2 , is 6*53 (Air = 1 ) 
or 94<-0 (II == 1) ; hence it is inferred that some associated molecules, 
Sn 2 Cl 4 , exist in the state of vapour, but that they are dissociated as 
the temperature rises. When dissolved in urethane, howev^er, stannous 
chloride depresses the freezing-point of this substance by an amount 
which corresponds with the formula ^ SnClg. The heat of formation 
of stannous chloride from its elements is : 

[Sn] + 2(C1) = [SnClg] -h BO, 790 calories ; ® 

its specific heat between 20 ° C. and 99° C. is O-lOl 6 .® Stannous chloride 
forms several compounds with ammonia.^ Dry ammonia reacts with 
dry stannous chloride in a freezing mixture forming a yellow powder 
having th() composition SnCl 2 . 2 NH 3 , which blackens on exposure to 
light, and is decomposed by moisture into stannous oxide and ammonium 
chloride. At ordinary temperatures a mixture of the foregoing com- 
pound with SnClg.NIIg® is produced, whilst at 100 ° C. only the latter 
compound is formed. At 120°-300° C. a brownish red crystalline 
substance having the composition 3 SnCl 2 . 2 NH 3 results ; this is the 
most stable of the three compounds, and is oidy slowly decomposed 
by water. 

Stannous ciiloride is said to form hydrates with one ^ and four^® mole- 
cules of water, but the dihydrate SnCl 2 . 2 H 20 is the compound best 
known. This compound, known commercially as Tin Salt, is prepared 
by dissolving tin in hydrochloric acid, and may also be obtained by 
dissolving the anhydrous salt in water, or stannous hydroxide in hydro- 
chloric acid. It separates from its concentrated solution in transparent 

^ Biltz and Meyer, JSer., 1888, 21, 22. 

* McCra^e, Wied. Anvulen, 1895, 55, 95. 

® Sandonnini and Aureggi, Gazetta, 1912, 42, [ij, 227. 

* Castoro, Gazzetia, 1898, 28, [ii], 317. 

® Tliorasen, I'h^rmochemische Untersuchurmen, Enke, (Stuttgart), 1906, p. 207* 

® Kegnault, Ann, Chim. J*hys,, 1841, liii], i, 129. 

’ Sofi^anopoulos, Compt, rend,, 1911, 152, 865. 

* Persoz, Ann. Chim, Phys., 1830, [ii], 44, 315. 

* Bitte, Compt. rend,, 1883, 97, 42. 

Scheurer-Kestner, Compt, rend,, 1860, 50, 60. 
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monoclinic prisms, or in octaliedra, which have a. density of 2*71, melt ^ 
at 40-5° C., and when further heated lose water and hydrogen chloride, 
leaving a basic cliloride. This salt is very soluble in water ; 100 grams 
of water dissolve 83-9 grams SnCL‘^ at 0 ° C., and 209-8 grains^ at 
15° C. When stannous chloride solution is diluted, hydrolysis takes 
place with separation of the insol ubk? basic chloride, 2 Sn(OIl)C 1 . 3 l 20 ,^ 
which redissolves in hydrochloric acid ; th(i same ]:>r(‘cipitate is pro- 
duced on account of atmospheric oxiMatiou, with the simultaneous 
formation of stannic chloride, thus : 

OSnClg + 2 H 2 O + O 2 - 2 SnCl 4 + 4Sn(01I)Cl. 

This prccii)itation may be prevtuited by keeping the acidified solution 
ever granulated tin, and also by adding tartaric acid, which forms a 
compl(ix ion. 

The action of excess of concentrated sulphuric acid on hydrated 
stannous chloride takes place in three successive stages * : 

(i) D(*hydration ; (ii) liberation of hydrogen chloride between 20 ° C. 
and 90° C. ; (iii) the reaction 

SnS04 + 2II2SO4 - Sn(S04)2 + 2II2O + SOg 

between 130° C. and 200 ° C. Tlu^ following reactions take place 
betwe(‘u stannous chloride and sulphurous acid at atmospheric tempera- 
ture's ^ : 

( 1 ) Primary SSnClg + 6HC1 + HgSOg = 3 SnCl 4 + 3HaO + HgS. 

( 2 ) Consequent 2 H 2 S + H 2 SO 3 — BllgO -f 3S. 

(3) Consequent 2 H 2 S + SnCl 4 = 4li(l + SnSg. 

(4) Consequent H 2 S + SnCl 2 = 2HC1 + SnS. 

(5) Retarding SnCl 4 + H 2 SO 3 + HgO = SnClg -f 2HC1 + H 2 SO 4 . 

Stannous chloride combines with hydrochloric acid and mth 
potassium chloride and iodide in aqueous solution to form complex 
ions. This is proved by the reduction of electric conductivity.^ The 
following complc^x salts, chlorostannites, have been isolated ® : 

KSnClg.HgO, K 2 SnCl 4 . 1 l 20 , K 2 SnCl 4 . 2 H 20 , 

(NH 4 ) 2 SnCl 4 . 2 ll 20 , BaSnCl4.4ll20,7 

as well as the free acid ® HSnCl 3 . 3 H 20 , which melts at ~ 27° C. 
Stannous chloride is readily soluble in alcohol ; it also dissolves 
in acetone,® ether, and ethyl acetate.^® An aqueous solution of 
stannous chloride absorbs free oxygon ; the rate of absorption is 
roughly proportioned to the concentration of hydrochloric acid present, 
and is much influenced by certain catalyscu’s.^^ Connected with this 

^ Penny, Trans. Chem. Soc., 1852, 4 , 239. 

2 Engel, Ann. CMm. PJiys., 1889, [vi], 17 , 338. 

* Michel and Krafft, Ann. Chim. Phys., 1854, fiii], 41 , 478. 

* Durrant, Trans. Cfiem. Soc.y 1916, 107 , 637. 

® Young, J. Amer. Chem. 80 c., 1901, 23 , 21. 

« Rerasen and Richardson, Amer. Chem. J., 1892, 14 , 89 ; but, according to Fujimura 
{Mem-. Coll. Sci. Kyoto., 1914, i, 63), the only existing potassium double chlorides are 
KCl.SnCl 2 .H 2 O and 2 Ka.SnCl 2 . 2 H 2 O. 

’ Marignac, Ann. Mims, 1867, [vj, I2, 1. 

» Engel, Bull. Soc. chim., 1888, [ii], 150 , 96. 

* Naiimann, Ber., 1904, 37 , 4332. 

Von Laszeynski, Ber., 1894, 27 , 2285. 

“ Young, J. Amer. Chem. Soc., 1901, 23 , 119^ 
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al^ility to absorb oxygen is the reducing action of stannous chloride, 
whereby it is converted into stannic salt. Stannous solutions are 
powca’fiil reducing agents, and find varied application. Thus an acid 
solution of stannous chloride reduces ferric to ferrous chloride, cupric 
to cinprous chloride?, and mercuric chloride to mercurous chloride and 
metallic iiK^reniry ; it also reduces dilute nitric acid solution to hydroxyl- 
amine, bleaches indigo, and converts benzene diazonium chloride into 
phenyl hydrazine hydrochloride. Alkaline stannous solution reduces 
bismuthous hydroxide* to the black suboxide, BiO, and metallic bismuth. 
Tin-salt is us(‘d as a wool mordant for cochineal scarlet, for dyeing silk 
black, and for weighting silk. It is also employed for redxicing indigo, 
in preparing “ ))iirple of Cassius,” ^ and in tinplating. 

Stannic Chloride, SnCl 4 , was first obtained by Libavius in 1597, by 
distilling tin or its amalgam with corrosive sublimate. The liquid 
tlnis obtained was ternu^d by its disco verc r Spiritus argenti vivi suhlimat% 
but was known later as Spiritus furnam Libavii, It was known in 
1630 that a solution of this substance is obtained by dissolving tin in 
a(]ua regia; and a Dutchman named Dreblx?! discov(?r(‘d its value as 
a mordant by which tlu? red colour of cochineal could be fixed on 
cloth. 

Stannic chloride is prepared by passing chlorine over molten tin, 
tin-foil, or tin-plate. This latter method is em])loy(‘d in the recovery 
of tin from tin-plate waste (see p. 328). The reaction is accompanied 
by the evolution of heat and sometimes light. Stannic chloride may 
also be? obtained by the aetion of chlorine? c»n stannous chloride, and of 
chloroform vaj)our on the dioxide.^ It is reducc il to stannous chloride 
by hydrogen at 1000^ C.*** Stannic chloride is a thin, colourless, fuming 
liquid, which lias a d<*nsity of 2-2788 at C. ; it forms a solid at low 
temperature, which melts ^ at — 33° (\, and boils at 113*89° C. under 
750 mm., 5 114° C. under 757 mm.,« and 1141° C. under 760 mm. 
pressure’; its critical temperature is 318-7° C., and criticMil pressure 
36-95 atmospheres.® 'Lhe heat of formation of this comjiound from 
its elements is 127,250 calories, and its heat of solution 29,920 calories.® 

Stannic chloride dissolves ^'ery readily in alcohol, and also in ether, 
benzene, nitrobt;nzene, carbon disulphide, and other non-hydroxylic 
solvents. By tin? extent to which the freezing-points of such solvents 
are depressed when stannic chloride is dissolved in them, it is concluded 
that this compound undergoes moleciilar association in such solutions.^® 
Although a solution of stannic cliloride in benz(?nc is non-conducting, 
and so contains no ions, it precipitates cupric chloride from a benzene 
solution of cupric olcate.^^ 

Stannic chloride dissolves rhombic sulphur, yellow phosphorus, 
iodine, and bromine ; with turpentine it reacts so vigorously as to set 
fire to the hydrocarbon. It dissolves in excess of water, forming 

‘ See this serios. vol. ii. 

Ronz, Bpr., 190(>, 39 , 249. 

® Meyer and Keratein, Ber., 1913, 46 , 2882. 

• Besson, Conipt. rerid.f 1889, 109 , 940. 

® Thorpe, Trans. Ghem. 1880, 37 , 327. 

® WaJdon, Zeitsch. physikal. Cfiem,, 1903, 43 , 385. 

’ Young, Tram. Ghent. Sue., 1891, 59 , 911. 

• Young, Phil Mag., 1900, 50 , 291. 

• Thomsen, Thermochemische tJntersuchungen, Enkc, (Stuttgart), 1906, p. 207 

Kahlenberg and Linooln, J. Physical, Ghem,., 1899, 3 , 12 

Kahlenborg, ibid., 1902, 6 , 1. 
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a solution from which hydrated stannic oxide separates on boilin<^ 
or standing ; nevertheless it unites with snialhir cpiautities ol' water 
to form various solid liydrates. Demarchy first observed, in 1770, 
that with one-third of its weight of water stannic chloridi‘ forms a 
crystalline mass, which was ten^ied butter of tuL This hydrate, which 
is SnCl4.5H20, is also called oxymuriate of tin. Hydrates containing 
3, 4, and 8 nioleculcs of wate r arc also known, and separates froju the 
saturated solution with which tliey arc in equilibrium at different 
temperatures. Thus SnCl^.HllaO is stable up to 19'^ C., SnCl4.5Il20 
is stable between 19° C. and 50° C., SnCl4.4li20 b(;twcen 50° C. and 
03° C., SnCl4.3lT20 betwenm 03° C. and 83° C.^ 

The hydrolysis of stannic chloride proceeds according to the scheme : 

SnCl4 + 4 II 2 O ^ Sn(0Il)4 + IdICl : 

the extent of the hydrolysis as measured b}^ conducti\ ity when cquilil)rinin 
is attained depends, not only on the amount of wab r present, but also on 
the temperature, the raising of the temperatur<‘ tending to retard the; 
hydrolysis which is an exothermic reaction. The; ct)mbinationof stannic 
chloride with hydrochloric acid to form IlgSnClgalso influences the ecpiili- 
brium,^ the conductivity being less than corresponds to the* hydroediloric 
acid formed by hydrolysis. It has been shown byPfeiffeT ^ that the first 
pre)duct of the hyelre>lysis of a 59 per cent, solution of stannic chloride, 
externally cook'd by ice, is the; hydroxytrie'hloride; SnClyOll, since the; 
co!n})ound SnCI;^()H.ll 20 .(C 2 H 5 ) 2 D be isolated after shakijig out 
with e;ther. Pfeiffer suggests that hydrolysis proceeds according to 
the scheme : 

(^] ^'^3 

SiVnir \ ^ SnOll + HCl 

Alcoholysis yields the compound SnClgOCgHg.^ 

The hydroxychloridc SnCl 30 H. 2 H 20 may be written 

according to Werner’s ® system, so as to corre‘s])e)nd w'ith the a.cid 
fSnClglHa, to which also the hyelrat(;d potassium stannate SnOgKg.JillgO 
or [Sn(OIl)g]K 2 ® appears to be re;latt;d. 

Stannic cliloridc forms various adelitive compounds. Thus with 
ammonia it yields a soluble, white ]>owder, which, according to Hose,’ 
is SnCl 4 . 2 NlT 3 . Persoz, howeve;r, obtaineel a soliel of the c()rn])()sition 
SnCl4.4Nn3, which coulel be sublimed unchanged in an atnK)s])here of 
hydrogen.® The com[)ound with phosphine, 3SnCl4.2Pir3, is a ye llow, 
fuming solid.® With sulphur tetrachloride, stannic chloride forms the 
compound SnCl 4 . 2 SCl 4 ,^® which is also obtained in yelle)w crystals by 

‘ Meyerhoffer, Bull. Soc. chim., 1891, [iii], 6, 85. 

2 Kowalevsky, Zeitsch. anorg. Chem., 1900, 23, 1 ; see also KohJrausch, Zeitsch. 
physikal. Ckem.^ 1900, 33, 273. 

8 Pfeiffer, Ber., 1905, 38, 2460. 

* Fischer, Monalsh.^ 1884, 5, 427. 

® Werner and Heiffer, Zeitsoh. mufrg. Cftem., 1898, 17, 82. See this sericss, vol. ix, 
where WemePs Theory is dealt with in detail. 

® Belluoci and Parra vano, Zeitsch. anorg. Cke^n.^ 1905, 45, 143. 

’ Rose, Bogg. Annahn^ 1832, 24, 109. 

8 Persoz, Ann. Chim. Phys.^ 1830, 44, 322. 

» Rose, Pogg. Annalen, 1829, 24, 169. 

w Rose, ibid., 1837, 42, 617. 
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tile action of chlorine on stannic sulphide ; these melt below C. 
and decompose above 40 ° (’. With phosphorus pentachloride the 
compound SnCi4.PCl5 ^ results ; it forms colourless, glistening crystals, 
which fimie strongly in the air and have a pungent odour ; whilst 
with phosphoryl chloride tlui crystalline compound SnCl4.POCl3, melting 
at 58 ° C. and distilling at 180 ° C., is formed.^ 

Stannic chloihh^ combines with dry nitrous fumes to form 
SnCl4.N203, a yellow amorphous mass ; and when this substancci 
is sublimed, or the dry vapours from aqua regia arc passed into the 
chloride, SnCl4.2NOCl is formed, and crystallises in shining octahedra ; 
if, however, nitrogen p(.Toxide is passed into a chloroform solution of 
stannic chloride thc^ comj)ound 8SnCl4.4NOCl is produced ^ ; and when 
a cliloroform solution of nitrogen sulphide is added to a similar solution 
of stannic chloride, red crystals of SnCl4.2N4S4 separate.^ With 
sul2)hur trioxide the white solid SnCl4.S03 is formed.^ 

Stannic chloride is employed in dyeing, as a mordant, and for 
weighting silk. I'ormerly a j)reparation known as tin- composition, 
physic, or dyers'" spirit was (unployed ; this was made by dissolving 
tin with common stilt or sal ammoniac in nitric acid, or the metal 
alone in aqua regia; but now the jienttihydrate, SnCl4.5ll20, oxy- 
muriate of tin, is generally used. 

The Stannichlorides or Chlorostannates. — Chlorostannic acid, 
HaSnClg, exists, and from it are derived a number of stilts, the stanni- 
chlorides. 

Chlorostannic Acid, HaSnClo-GHgO, is formed when the solid penta- 
hydrate SnCl4.5H20, or a concentrati*d solution of the chloride is 
saturated with hydrogen chloride gas. It separates on cooling the 
liquid to 0° C. in thin plates, which melt at about 20° C.^’ There is a 
marked similarity between this acid and its salts and chloroplatinic acid, 
HgPtCle.GHgO, and its salts,® though the latter acid and its salts are 
the more stable. 

Sodium Stannichloride, NagSnCle.SHgO, crystallises in prisms when 
the concentrated solutions of the constituent salts arc mixed together, 
the potassium salt KgSnLlg crystallises in anhydrous regular octahedra, 
with which the ammonium salt (NH 4)281104 is isomorphous. This 
latter salt was formerly used by dyers, arul was named pink salt, 
because of its use as a mordant for madder-red colours ; it dissolves 
in 3 parts of water at 14 - 5 ° C., and from its dilute solution stannic 
hydroxide se}:)arates on boiling. A large number of stannichlorides 
have been prepared ’ containing various amounts of water of crystallisa- 
tion ; the chlorides of barium, cadmium, copper, silver, lead, and 
thallium, how^cver, appear not to combine with stannic chloride. 

Stannous Bromide, SnBrj, is prepared by allowing molten tin to 
cool to 200° C., pow’dering the metal in a mortar, and dissolving the 
powder in concentrated hydrobromic acid solution.® It may also be 

^ Casselmann, Annahv* 1S52, 83, 257. 

® Thomas, CompL rend,, 1896, 122, 32 

® iJavis, Trans. Cliem. 80 c., lk)0, 89, 1676. 

* Hose, Pogg. A nmihn, 1 838, 44, 320. 

« Engel, CompL rend., 1886, 103, 213 ; Seubert, Ber., 1887, 20, 793. 

® Bellucci and Parra vano, Zeitsch. anorg. Chem., 1905, 145, 142. 

’ Biron, J, Buss, Chem. Soc., 1904, 36, 489 ; and Atti R. Accad. Lincei, 1904, [v], 13, 
ii, 307. 

« Freyor and V. Meyer, Zeitsch. anorg. Chem., 1892, 2, 1. 
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obtained by heating tin in hydrogen bromide gas, or distilling the metal 
with mercuric bromide. It is a pale yellow, crystalline mass, of density 
5*1, wliieh melts at C., and boils at G19^ C\ The heat of forma- 

tion of the solid from tin and liquid bromine is (51,500 calories.^ Stannous 
bromide forms a hydrate with water, wliich is ])robably SiiBr-^.H gO ^ ; 
it is, however, hyclrolysed by much water, with separation of a white 
oxybromide. With ammonium bromide, stannous bromide forms 
the complex salt (NH 4 ) 2 SnBr 4 .IT 20 ^ or (Nir 4 ) 2 SnBr 4 .* 2 H 20 ,^ and also 
Nll 4 SnBr 3 . 1 l 20 ; whilst with ammonium chloride (Nll 4 ) 2 SnBr 2 Cl 2 .Il 2 U 
and witli potassium bromide K 2 SnBr 4 . 2 li 20 and KSnUrg-HgO rc'sult. 

Stannic Bromide^ SnBr 4 , is formed from its elements, which combine 
with evolution of light and heat.^ It is best prepar(‘d, according to 
Lorenz,® by dropping bromine from a capillary t ubci on to strips of tin 
contained in a distilling flask, removing (‘xcess of bromine by warming 
the flask, and then distilling the bromide, which, so obtaine d, is a snow- 
white crystalline mass. The physical constants of this substance arc not 
known with certainty, owing to the different values obtained by different 
observers. Carnelley and O’Shea ® determined th(‘ vapour density to 
be 229 (theory recpjires 219 when H = 1), and the melting-point SO'’ C., 
whilst for the latter, Raymann and Preis ^ found 83'’ C., and Garelli ’ 
29*45'’ C. The boiling-point is 203*3° C. (Raymann and Preis), or 
201° C. (Carnelley and O’Shea, Lorenz, Neuiiiann) ; and the density 
of the li(]uid at 35° C. is 8’349 (Raymann and Preis), and at 39° C. 
3*322 (Bodc'kcr).® Berthelot ^ estimated the heat of formation of 
stannic bromide to be : 

[Sn] -f 4Br = [SnBr 4 j -f 98,000 calories. 

and 

[Sn] + (4Br) = [SnBr 4 ] + 112,800 calorics.'* 

Because it has a high molecular depression, and a convenient melting- 
point, this substance has been emj)loyed by Garelli in cryosco])ic 
determinations,^ the molecular depression being estimated to be 280. 
According to Tolloczko,^'* however, the value should be 305. 

Stannic bromide fumes in the air, and is readily soluble in cold 
water. From this solution the hydroxide separatees slowly on standing 
and quickly on boiling. Nevertheless the hydrate SnBr4.4H20 is 
obtained when an aqueous solution of the*, anhydrous bromide is 
evaporated over sulphuric acid (Raymann and Preis). 

With ammonia stannic bromide forms the additive compound 
SnBr 4 . 2 NH 3 (Raymann and Preis). 

Bromostannic Acid exists. According to Raymann and Preis it 
is H2SnBr3.8H20, but Seubert^^ gives it the formula IIoSnBr^.TlLD. 
Alkali stannibromides are known. 

^ Berthelot, TJ^rniochemiet 1897, 2, 150. 

® Raymann and Preis, Annalen, 1884, 223, 323. 

* Remsen and Richardson, Amer. Chem, 1892, 14, 89. 

^ Raymann and Preis, AnTialeiit 1884, 223, .323. 

® Loren/, Zeitach. anorg. Chem.^ 1895, 9, 365. 

® Carnelley and O’Shea, Tram. Cfism. Soc., 1878, 33, 65. 

’ Garelli, GazzeUa^ 1898, 28, [i], 253. 

® Bodeker, Die Beziehungen zmachen THchte und Zmammmaetzung be% f eaten und 
Uquiden Stoffen (Leipzig, 1860). 

• Note : Square brackets indicate the solid state, round brackets the gaseous state, 
no brackets the liquid state. 

Tolloczko, BvU. Acad. Sci. Cracow, 1911, 1 ; see also T<.)Iloczko and Meyer. Chem. 
Zentr.t 1910, ii, 1024. Seubert, Ber., 1887, 20, 793. 



850 CARBON AND ITS ALLIES 

Stannous Iodide, Snlg, is obbuned by adding potassium iodide in 
slight excess to a coiicc'ntrated solution of stannous chloride, or by the 
action of hydriodic acid on tin ; it crj^stalliscs in orangc-red octahedra, 
Avhifth may b(^ obtained by melting tin? compound, or evaporating its 
solution in carbon disulphide ; but it is probably dimorphous. It 
melts at 820 '' C., and boils at 720 ° C.^ The dihydrate Snl2.21l20 is 
said to exist; 100 parts of water dissolve 0*98 parts of anhydrous 
stannous iodide at 20° C., and 4-03 parts at 100° C.^ It is much more 
solu})le in hydriodic acid and alkali halid(; solutions, owing to the 
formation of a complex acid or salts. 

VVhtai a solution of stannous chloride is titrated with iodine it is 
som(‘tirncs assumed that an additive reaction takes place with the 
formation of stannic iodochloridc, SnCl2l2; but most likely a mixture 
of stannic chloride and iodide is produced thus : 

2SnCl2 + 2 I 2 = SnCU + Snl4 ; 

stannic iodides is. however, reduced to stannous iodide by excess of 
stannous chloride, thus : 

Snl4 + 2SnCl2 === 2Snl2 + SnCl4.*^ 

Stannous iodide <;ombines with hydrogen iodide to form iodostannous 
acid, IISnLj ; and unstable, pale yellow needles of this substance 
separate at 0° C. from a saturated sohition of stannous iodide in hydriodic 
acid.^ To this acid there corr<.‘spond the iodosiannites or atanno- 
iodides: NaSnl.j.JlIL/), KSnl3.8ir20, Nil 481113.81120, 8r(vSiil3)2, and 
Ba(Snl3)2, which s(*parale wIk'u the corrc'sponding saline iodides are 
added to conccntratcxi stannous chloride solution., 

Stnnnous iodide combines %vith ammonia to form the compound 
Snl3.2NII;j,^ which is yellow.^ 

Stannic Iodide, Snl4, is formed from its elements, and is conveniently 
preparc'-d by l)ringing together a carbon disulpliide solution of iodine and 
metallic tin.*^ Carbon tetrachloride may, however, be advantageously 
sub.stituted for carbon disuliihide, owing to the fact that stannic 
iodide is much more soluble in this solvent at its boiling-point than 
at ordinary temperature, and, therefore, separates on cooling.® The 
iodide may also be obtained by precipitating a concentrated solution 
of stannic chloride with potassium iodide. It is a bright red, crystal- 
line j)owder consisting of regular octahedra ® ; after sublimation, 
howc‘ver, it appears in y(‘llo^\nsh red needles. This compound melts 
at 148 5 ° C., and boils at 840 ° C.,^ though it is said to sublime^® at 
180 ° C. It may be dissolved in carbon disulphide, alcohol, ether, 
chloroform, benzene, and arsenic tribromide. Cryoscopic determina- 
tions of the molecular weight of stannic iodide in the last-named 

‘ Reindors and do Lange, Proc. K. Af^d. Wetenach, Amsterdam, 1912, 15, 474. 

Young. J. Amer. Chem, 80 c., 1897, 19, 615. 

* Young and Adams, «/. Amer» Chem. 80 c,, 1897, 19, 516. 

* Y'onng, ibid., 1897, 19, 861. 

® Rammelsbcrg, Pogg. Annalen, 1839, 48, 151. 

® Ephraim and Schmidt, Ber., 1909, 42, 3866. 

’ Pt^rsonne, ComjyL rend., 1862, 54, 216. 

® McDermott,/. Amer. Chem. 80 c., 1911, 33, 1963. 

* Retgers, kitsch, anorg. Chem., 1894, 5, 211. 

Henry, Phil Trans., 1845, 135, 363. 
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solvent yield abnormal results, of which various explanations have 
been given. ^ 

Stannic iodide docs not give a clear solution with water on account 
of hydrolysis ; it forms with ammonia thre(‘ additi^'<^ compounds : 
Snl4.3NIl3, Snl4.4Nll3, Snl^.ONHg (P(‘rsonnc), which are produced 
by the action of ammonia on a solution of the iodide in carbon disulphide 
or ether. The first compound is yellow ; the* otluT two are white. 
They are all volatile and are decomposed by water into ammonia, 
ammonium iodide, and stannic oxide. The compound Snl.j.SNIIa has 
also be(‘n prepared. ^ 

lodostannic Acid cannot l)e formed in aqueous solution on account 
of the hydrolysis of stannic iodide, which is much more complete than 
that of the chloride. Pyridine stanni-iodide, (C5lT5NII)2Snl6, is formed 
in bluish black iK'cdles when an alcoholic solution of ])yridine hydriodide 
is added to a solution of stannic iodide in alcoholic hydroge n iodide*. The 
quinoline salt is similarly obtained.^ 

Mixed Stannic Halides. — Stannic clilorobromide, SnClglirg, was 
dcscribc’d by Ladenhiirg,^ and the three compounds, SnCl^Br, SnC^Bra, 
and SnClBi'y, by Besson ^ ; whilst Lenormand ® sti})pose(l that he had 
obtained SnCl^l, S11CI2I2, SnClIg, SnBrgI, SnBrol2» SuBrl^ by the 
interaction of stannous halides and appropriate halogens or halogen 
hydracids ; but it has been shown by Auger, ^ by reference to their 
physical behaviour, that all these supposc'd compounds are probably 
mixturcis. 

Thus, mixtures of SnBr4 and Snl4 show a normal freezing-point 
curve, with a (‘utectic }K)int at the composition SnBr^.glo-s? 
supposed compound SuBr^Tg^ which melts at 54° C., is i(i(*ntical with 
an cquimolecular mixture* of SnBr4 and Snl4, and may be s(‘])arated 
by ten fractional crystallisations into fractions melting at 88° C. and 
27° C., having the com])ositions SnBrj.2l2*8 SiiBr 2.714.3 rc'spcctively. 

Similarly the* supposeni compounds SnBiT^ anel SnBr^I may be 
partly resolved by crystallisation. Moreove*r, it is suggeste*d that in 
all molten mixtures of the compositiem SnBrrtI(4„a) the halogeai atoms 
arc perfectly mobile, and that the same is true for the chi orobrorn ides 
and chloroiodidcs. 


TIN AND OXYGEN 

Stannous Oxide (Tin Monoxide)^ SnO, may be prepared in scve*ral 
ways. It is obtained by heating a mixt\irc of stanne)us eihloriele and 
sodium carbonate until it becomes black, then washing with water, and 
drying the residue with a gentle heat in a stream of carbon dioxide. 
It is also produced by igniting stannous oxalate out of contact with air, 
when it is obtained as an olive-green powder ; and by precipitating 
stannous chloride solution with alkali, and boiling the hydrated oxide 
thus produced with dilute caustic potash solution ; the anhydrous 

1 Tolloczko, BvU. Acad. Sci. Cracow, 1901, 1 ; Garelli and Basaeni, Atli R. Accad. 
Lineei, 1901, i [v], 10, 255 ; Walden, Zeltsch. anorg. Chem,, 1902, 29, 371, 

* Ephraim and Schmidt, Btr., 1909, 42, .3856. 

* Rosenheim and Aron, Zeitsch, anorg. Chem., 1904, 39, 170. 

* Ladenburg, Annalen Suppl., 1872, 8, 55. 

® Besson, Gompt. rend., 1897, 124, 683. 

* Lenormand, J. Pharm., 1898, [vi], 8, 249; 1899, [vi], 10, 114. 

Auger, Compt. rend., 1909, 149, 860. 
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oxide thus formed crystal] ises in microscopic cubes or octah(;dra. A 
crystalline lorrn of the oxide is also obtained by digesting a nearly 
saturated solution of stannous oxide in acetic acid of density 1*00 iit 
56° C'. This form of the oxide is red, but quickly turns black on exposure 
to sunlight. 

The; black amorphous oxide easily dissolves in hydrochloric acid 
forming stannous chloride, and burns when heated in the air forming 
the dioxide : 

SnO(cryst.) + J Og — Sn02(cryst.) + 71,000 calories.^ 

Stannous Hydroxide. — The white precipitate obtained by adding 
alkali hydroxide or carbonate solution to stannous chloride is said not 
to be Sn(OH) 2 , but to have the composition ‘iSnO.IIgO.^ If this precipi- 
tate. is heated above 80° C. it loses water, and passes into the anhydrous 
oxide. The hydroxide dissolves in excess of alkali producing a solution 
of alkali staniiite, which, according to Hantzsch,® is not Sn(ONa.) 2 , 
but II*SnO‘ONa, there being lio ground for assuming the existence of 
SnOg" ions. I'lius tin becomes quadrivalent in stannites, and the 
hydroxide is a feeble acid of the type of formic acid. 

This conclusion in regard to constitution, which applies to the 
hydroxides of zinc, glucinum, lead, tin, and germanium, is based upon 
measurements of the conductivities of their alkaline solutions, and the 
rate at which these; solutions hydrolyse ethjd acetate. The metals are 
named in the order of increasing acidic strengtli of their hydroxid(;s. 
It is interesting to remember that carbon monoxide combines similarly 
with alkali : 

CO + NaOH > HCOONa, 

and that there arc other acids probabl}^ constituted in an analogous 
manner, so that th(; maximum valency of the nuclear atoms is reached, 
e,g, IlSOgOH, HoPOOH, and IIP6{0II)2. It may be remarked, 
however, that this constitution of stannites involves the union of a 
hydrogen and a tin atom, otherwise unknown. The reducing action of 
sodium stannite solution has been studied by Goldschmidt and Kckardt,^ 
who agree with Ilantzsch in r(;gard to the constitution of this salt. 

Stannic Oxide {Ti?i Dioxide), SnOg, occurs in crystalline and amor- 
phous forms. As rc'gards its crystalline forms, it is trimorphous, exist- 
ing in tetragonal, hexagonal, and rhombic crystals. Native stannic 
oxide, cassiterite ()r tinstone, occurs in tetragonal crystals, which when 
quite pure are colourless and transparent, but arc gciu.Tally yellow, 
green, brown, or black, from the pr(;sencc of oxide of iron or other 
impurity. 

Tinstone may owe its origin to the hydrolysis of stannic fluoride or 
chloride by water- va])our, i,e. to so-called pneumatolytic action. 
Stannic oxide is infusible before the blowpipe, but it can be melted, 
and even vaporis(‘d in the electric furnace. Its melting-point ® is 
estimated to be 1127° C. Various values have been obtained for the 
density of crystallised stannic oxide, owing to varying degrees of purity 
of the substance ; the mean value is 6*9 at 15° C. 

^ Mixter, Amcr, J. Sci,, 1909, [iv], 27 , 229. 

* Sohaffner, Annalen, 1844, 51 , 168. 

® Hantzsch, Zeitsch. anorg. Chem., 1902, 50 , 289. 

* Goldschmidt and Eckardt, Zeitach. phyaikah Chem., 1906, 56 , 385. 

® Cussak, Proc. Roy. Irish Acad., 1896-1 898, [iii], 4 , 399. 
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Amorphous stannic oxide may be oblaiiud in various \va.ys. It’ 
tin is heated in the air it takes lire when n(‘a-r its boilinj^^-point and 
burns witli a bright flame, i’orniin^ the dioxid(‘. Obtaiiud in tJiis way 
stannic oxide was orijrijially nanu d flares Jovis ; whilst tlu* oxicie t’ormed 
by the superlicial oxidation of molten tin, wJiieJi is }j[rcy l)e(‘a.iis(‘ it 
coritains })articles of tinely divided mciaJ, lias been (‘aJlt'd J/a/rs stainiL 
StaJinic oxide* is also formed when stannous oxides or oxalate*, en* e*illie‘r 
of the sulphide*s is reiasteel in the* air, ami by llu* iniiilion of the hydrate'd 
evxide formeel by the action of nitric aeiel em I he me tal, as we ll as in 
other ways to Idc notice*d later. It is likc'wise^ o))taiiK*d durinic the 
elex'trolysis of a solution of soelinm or ])eitassiiim ehle)ride' with a 
tin plate as anode, and a. ])latinuni jilate as cathode. ‘ Ame>rj)he)iis 
stannic eixide is a white or cream-eole)nreel jiowder, which tiirns 
yellow and brown when heated, but fades to its original eoleinr on 
eoeding. 

The amorjihous oxide is eonverte*d into the* erystalline form of 
eassiterite when it is lieated in a current e)f hyelre.)g(*n chloride gas. 
I'he th(*rmal rt'lationsliip between crystalline* and amorphous stannic 
e^xide is J*c})re*sented by the equation : 

SnOu (amorphous) -- SnU^ (cryst) -f 1700 calories.- 

The anhyelrems eixidc is quite insoluble in water, anti is not a.1laekt‘d 
by cemcentrateel acids, except sulphuric acid, with which it forms an 
unstable* sul])}m,te‘. Fusion with })otassiuni hyelrogen suljdiate also 
dissolves the oxide. A nietheKl of treatme'ut, howe ver, winch is con- 
ve*niejit in qualitative analysis, is to fuse the* e>xide‘ with a ?nixtnre* of 
stxlium carbonate and llow'crs of sulphur. The fused mass dissolves 
in water, yielding a solution of sodiimi thiejstaiuiate, fre)m whieli 
dilute acid precipitates stannic suljdiide ; this can the*n bt* dissoh t*d 
in cemcentrated hydrochlemc acid. Stannic oxide is employ ed, under 
the name of ^iutty jmvdcr, ft)r })olishiiig glass and metal. 

Hydrated Stannic Oxide: the Stannic Acids. — Ber/.elius,'* in 1817, 
recorded the existence of two forms of hydratt'd stannic oxide, or 
stannic acid, of the comjmsition repn^sented by llu* tanpirieal formula 
HgvSnOg; and this was the* first known exain])le of isomerism. The 
one form is obtained by preci})itation from stannic salts or stannate 
solutions, tile other by heating tin with modi rately et)ucenti'ated nitric 
acid. The two forms differ in solubility, and (tsjieeially in tlie com- 
position of the salts they yield with alkalis ; salts of the former acid 
contain one (*quivalent of stannic oxide, and are of the type* M'gSnO.^ ; 
salts of the; latter have five eqiiivak*nts of the oxide and a-n*, therefon*, 
of the type M'gSn^Oj^. 

The two acids have been named stannic and mehistaimic acid 
respectively; but this nomenclature is misleading, since llaSnOjj is 
properly raetastannic acid. They arc better known as a- and fi-staimic 
acids ; thci term victa may then be (anployed in addition whe re it is 
appropriate. According to Mecklenbiirgh, the a- and fi-stannic acids 
are to be regarded merely as colloidal substances, differing in tlie size 
of their particles.^ 

^ Lorenz, Zcit^ch. ammj. Chem.^ 1896, I2, 436. 

^ Mixter, Amer, J. Sci., 1909, [iv], 27, 229. 

® Berzelius, Annalmy 1817, [ii], 5, 149. 

* Meoklenburgh, Zeitach. anorg. Chem,, 1909, 64, 308 , 1912, 74, 207 ; 1913, 84, 121. 
VOL. V 2 
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a-Stannic Acid and its Salts.^ — a-Slaiuiic* acid is obtaiiu'd as a white 
powder by j)recij)itatijig staiuiic chloride with aiiinioiiia, or by means 
of calcium cai bonatc ; by adding dilute acid to the solution of a stannate, 
or ammonium chloride to the same solution, since ammonium stannate, 
like the corr(‘S})onding silicate, is ininu^diately liydrolysed by water. 
The addition of sodium sulphate to stannic ctiioride solution also 
produces a })r(‘cipitat(^ of stannic hydroxide, since stannic siiI})haLe 
is unstable, and is hydrolysed. These two latter reactions furnish an 
interesting cxamj)le of tlu* behavdour of an am[)hot(ri(! hydroxide*, 
since in the i'ormer case the hydroxide is i)r(;cipitated as a W(*ak acid, 
in the latteT casc^ as a wenJv base. VA'h(‘n the ]jrecipitatc is air-dried 
it contains 22-5 per cent, of water,^ which is ratluu’ more than corre- 
sponds to the formula of the oitho-h^^^droxide, Sn(011)4. When dried 
in vacuo, or at 100"" C., the* hydroxide has aj)j)roximately the coin])ositioii 
of the rneta-acid ll^SnOg." 

The })rceipitate before drying is slightly soluble in watei\ to which 
it im])arts an acid reaction; it also dissoh t s in nitric, sulpliuric, and 
hydroeliloric acids, as well as in caustic soda. When the acid is dried 
it undergo(‘s ])artia,l transformation into the fi-forni ; this also occurs 
iindcT water, es])C‘eially on la ating. 

The alkali a-stanna-tes can Ik* obtained erystalliiu*, and are soluble 
in water ; oth(‘r sta.nnates are obtaiiu^d from them by ])rc‘cipitation. 

Sodium Slan)!(it(\ NaoSnOg.GTLD, is obtained by fusing finely 
divided tinstone with caustic soda, or })y heating tin with caustic soda 
and Chili saltpcTre : 

NagO SnOy (ajnorphous) — NagSiiOg + 37,100 calories.^ 

The trihydrated salt crystallis('s from aqiuous solution, and is more 
soluble in cold than in hot water ; from such solution deka-hydratc‘d 
crystals, NaySnOy.lOlloO, can also be obtaijied. When the trihydrate 
is luuit('d it loses all its water, and the anhydrous stannate thus pro- 
duced does not dissolve imehangetl in w'ater and cannot be rehydrated. 
'JTiis salt is used in calico printing, and is called preparing salts. 

Potassium Stannate, K2‘Sii03.3ll20, is prepared similarly to the 
sodium salt. It cannot, however, be c(>m])letely deliydratc'd by heating, 
but d(‘C()Tn])oses, forming potassium hydroxide and stannic acid.^ 
Consc-quently the water presciit is w'^ater of hydroxylation rathe r than 
of hydration, and this anel otluT salts arc derived from hexahydroxy- 
stannic acid, ll2Sn(Ori)fi, which is analogous to hexahydroxyplatijiic 
acid, Il2Pt(OH)Q. This ce)iK’lusion is conlirmed by the hict that 
insolul)le stannates obtained by double decomposition contain the 
same ]>roportion of wate-r. Thus precipitatcxl leael stannate is 
PbSnO^.MlIgO,® and may be formulated PbSn(OIl)g, This constitution 
relates liexahyelroxystannates to the stanni-clilorides M'.^SnClg, wdiich 
are anale)gous to the platini-chlorieles M'aPtCle. No orthostannates 
have hitherto been recognise;d, but Iledvall ® has prepared cobaltous 
orthostannates, Ce)2Sn()4, l>y fusing cobaltous and stannic oxides with 
potassium chloride at llOO'^ C. or 1300°-! 400° C., and dissolving out 

^ Warren, Chem. iYc<rs', ISDO^ 62, 210. 

“ Weber, J* 0 (jg. Annalcn, 180*1, 122, 358. 

^ Atixter, Amcr. J. 1909, jiv], 27, 229. 

* Bcllucci and Parravano, Affi Ti. Accad, Lincei, 1904, fv], 13, ii, 324. 

® Bellucci and Parra vaiio, Atti K. Acmd. Lined, 1904, [v], 13, ii, 339. 

® Hedvall, Arkiv. Kcm. Min. GeoL, 1914, 5, Ko. 18, 1. 
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the ('xeess of stannic oxide by warm, dilnte liydrochloric acid. Tlie 
j)rodnct is dark i^'rec'n, and lias a density of (r.‘ 3 () at IS" Ck 

(^“Stannic Acid and its Derivatives. — Doyle, ^ in KJTO, stated that 
aqna forlis destroys more tin ilia,n it dissolves, and also obs(‘rv(‘il that 
a solution of Lin in tlu‘ same li(T[nid easily becfimes gelatinous.- Kunkcl ^ 
likewise re corded the fact that to dissolve tin tlu' nitrie acid (‘Uiployed 
must b(? cold, or calx of tin would be precipitabd. The explanation 
of these observations is that whilst tin dissolves slowly in very dilute 
nitrie acid to produce stannous nitrate, the stannous nitrate first 
foriiKxl, when hot and more conci ritrabil acid is tinployi'd, is very 
unstable and (piickly decomposes, yielding tin; form of hydrated 
stannic oxkh? known as [3-stannic acid. rrobal>ly a-stannic acid is 
first produced from stannic nitrate, which tluai passt's into the p-form. 
Hu; jiroduct is, therefore, liable to (*ontain both a- and p-forms, and 
tln‘ jnire p*aeid is ohtahu d by dissolving this proiluet in sodium hydroxide' 
solution, and then a.dding exciss of eoneintrated soda,, wliieh [)reci]ii“ 
tates sodium p-stannate whilst the a-salt remains in solution. Pure 
p'Stannic acid, or p-metastannic acid, is then obtaiiu'd by ([(‘composing 
the sodium salt with acid. It is also formed by tlu' hydrolysis of its 
sodium salt at GO'" C., and by boiling a dilute solution of stannic 
chlorid(‘, with or withemt tlui addition of nitric? acid. Morc/over, when 
a, solution of a-stannie. a(?id in hydrochloric or hydrobromie a.eid is 
allowed to stand, p-stannic aciid gradually s(‘j>arates as an ojicdescent 
prc'cipilate, and the process of transformation can be follow(‘d (juantita- 
tively."^ 

A hydrosol of stannic acid was olitained hy (Iraham ^ by the dialysis 
of a mixture of stannic cliloride and alkali, or of sodium stannatc* and 
hydrochloric acid. The lic(uid at first contaiiK'd a gelatinous ])reeipitate 
which gradually dissolved. The hydrosol was gelatinised by a trace 
of hydrochloric acid or of a salt, and on heating yieldi.d colloidal 
p-stannic acid. Gelatinous, prccij)itated p-stannie acid has the 
emj)iri(*al composition Sn02.4Jl20, wIk'U air-dried SnO.^. 21120, and 
when dried in a vacuum, SnOg-IK^^. Tlu'se formula' do not, howawrr, 
convey a just idea of the nature of the p-a.cid, whicli is gained from a 
study of its salts and other derivativ('s. 

Sodium ^-slaiuiate, prepared by the action of cold sodium hydroxide 
solution on p-stannie acid, is a sparingly soluble ciystalline powdc'r, 
having the: composition Na2Sn503i.4H20. Similarly tlu' potassium 
salt is 1X2^11501^1.41130. Thus the molecule of p-stannic acid 
appears to contain live tin atoms ; and tlie air-dri(d a,(?id becomes 
llgSrigOii-OlIgO instead of Sn02.2ll20, whilst the acid dried in a. 
vacuum is Il2Sn50„.4H20 instead of simply SnOgJIgO. Alternati\e 
formuhe arc 811505(01!) 3 (,. 511 2O and 811505(011)10 respectively, which 
suggest that p-stannic acid may possilily contain a ten-rnembered 
ring of altcrnat(‘d tin and oxygen atoms. At least an analogy is 
suggested b(‘twccii p-stannic acid and the polynu'rised silicic acids. 

p-stannic acid is distinguished from the a-acid by its insolubility 
in dilute nitric and sulphuric acids. It docs not dissolve in cold con* 

^ Boyle, Opu^cula, 1670, 4, 284. 

* Boyle, Experiments and Considerations concerning Colours ^ 1064. 

* Kunkel, Laboralorium Chymicum, 1716. 

* Lorenz, Zeitsch. anorg. Chem., 1895, 9, 376, 

* Graham, Phil, Trans,, 1861, 151, 213. 
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ccntraUd sulpliiiric acid, but with the hot acid forms stannic sulphate, 
whicJi by liydrolysis yields a-stannic acid. Hydrochloric acid dissolves 
the p-acid, but excess of it [)recipital(‘s p-staimyl chloride ((/.r.), 
wliic'h was foniKnl in solution. TJie p-acid may be* convert(*d into 
a, salt of the a-a.cid by bision with ])otash or by lon<f-continued boiling 
willi concentrated pota.sli solution. Kva])()ration to dryness with 
hydrochloric acid also yields the a-acid. 

Parastannic Acid. — It was found by Berzelius that when p-staiinic 
acid is he ated with water at lOO'' V, it [)ass(‘s into another form of stannic 
acid, Mhich wh(‘n air-dried has the eni])irical composition SSnOg.SlloC), 
and is probably ll2wSn5()|i.7lToO. This compound when drie'd in a 
vacuum becom(*s aSn02.»'3li20or IlgSngOn.tillaf), rather than Sn()2.Il20 
or ll2Sn5()ij. I-U2O, which is p-stannic acid. The j)otassium salt of 
])arastannic acid is to which parastannyl chloride, 

shortly to be described, corresponds. 

p-Stannyl Chloride, Sn50yCi2.dno0, is related to p-stannic acid, 
which may lx* wriLt(*n 80509(011)2. 4il20 ; and it may, th(‘r(;forc, be 
re^arch^d as the chloride of this acid. An alb rnative view is to cionsidt r 
tlui hydroxide as am])hoteri(% and as behaving as a diaeid base, of wliich 
p-staimyl chloride is a salt. B(‘cause of the mode* of formation and 
fU'ojx rties of tlu^ chloride this latter vi('w is [X'rhaps to be preferred ; 
thus it is a basic? stannic; chloride*. 

p-staiinyl cldoride is ])rc*parc‘d by first acting on tin with nitric ac*id 
of d(‘nsity 1-il to 1*4, the* temjKTature bcinji; kept low to prevent 
the formation of |)arastannic acid ; hydrocdiloric acid is then addc‘d 
to the resultin<4 p-stannic ac‘id, and the* .ir(‘latinous mass produced is 
dilutc*d with water a,nd filt('r(“d. The* hltratc* is precijiitated with 
hydrochloric acid, the* precipitate washed with the acid diluted with 
iin ecpial volume of wati‘r, and the produc;t dric;d in a vacuum over 
sul})huric acid and jiotash. The p-stannyl chloride thus obtained is 
a Ir/inspaivnt, ^dassy mass which contains nine or four mol(;culc‘s of 
watc'r to one molecule of Sn^Og accordinj^ to whctlu'r it has been 
drie d in air or in a \'acifum. It is soluble in dilute hydrochloric acid, 
and unlike stannic chloride is repr(*cipitate;d by the strong acid. This 
e*oni})ound is also formed by hydrolysis when dilute sedutions of stannic 
chloride are* kc'pt. 

Parastannyl Chloride, 81150902.21120, is ]iroduced by acting on 
parastannie; aciel with conc(‘ntrated hyelrochloric acid, elissolving the 
jiroeluct in wat(*r, and ]m‘ci]iitating the opale scent solution thus pro- 
eluce'd with mem* aciel ; the ])recipitate is then dried in a vacuum. 
This chlorielc is also feirmcd in solution when a hydrochloric acid seda- 
tion of p-stannyl chloride; is warmed. 

TIN AND SIILPTIUll 
TIN SULPIIIDKS 

Stannous Sulphide, SnS, is formed in the dry way wdien tin-foil 
is heatc'd with sulphur ^ ; the metal, indeed, take‘S fire spontaneously 
wdicai brought into sulphur vapour. This sulphide may be sublimed 
in a current of hydrogen, and forms a shining crystalline mass, resembling 
graphite. Glistening, metallic scales are also formed when the sulphide 
» Ditte, Comja, mid., 1883, 96, 1790. 
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is h(*atod in the electric furnace.^ Stannous sul})hi(le unfits at 88U 
and boils at 1090^ C., imMluciui' a i^m^en va]K)ur ; and when heated 
to 205'“ uiid(‘r pr(‘ssure iL deeonrposes into tin and stannic snl})hide, 
thus : 

2SnS =- Sn + SnS^. 

Stainions sulphide is ])recij>ilat<*d in a brown, hydrated form wh(*n 
a slightly acidified solution of stannous cJilorich^ is saturattd with 
liydro"(‘n sulphide ^^a.s ; on dryin^j, the precipitate turns bhick, TJu‘ 
solubility of this precipitate in acids and alkalis is instructi\ e. Thus 
it readily dissolves ( ven in some what diluted hydre)chloric aciel, anel 
conse'quently is imperfectly ])recipitatcd if much acid is present, the 
reaction 

SnCIo -I- IIoS ^ SnS -|- 2I1C1 

beiiijnr a reveTsible one? wdiich ])re)ce(^ds te> an exphlibrium.'^ 

This solubility may b(‘ referre'd to the base^ }m)ducinfj pro|ierties 
of tin ; and conseepuntly, as miijlit be inferred, stannous suljdiide^ is 
inelilTerenlly soluble in alkali se)lutie)ns, theai^h its se)Iul)ility varies 
w’ith its ])hysical state*. The freshly precipitate'el sul})hide‘ dissejlves 
sle)wly em boilini^ with elilute* caustic sexia solution, ])roducin^ a mixture; 
of stannite* and thiostannite. Since the fe)rme‘r salt is IlSnOONa,, 
the* latte'r is jwobably constitute‘d similarly, so that the* res'iction is : 

2SnS + 2NaOII - IlSnOONa 1 JISnSSNa. 

The sulj)hide‘ is repreeij)itate*d from tliis sohitie)n by acid. Strem;i( 
alkali may, hejwever, decompose* stannous sul})hide into stannic sulphide 
and tin, the fe)rmc;r of which dissolves, forming thiostamiate*, w^hilst 
the latter reacts wdth the alkali, ])roducing stannate with evolutie)n 
of hydrogeai, thus ; 

f6SnS + dNaOII - NagSnO.^ + ‘^NagSnSy -f BllgO + 3Sn 

l3Sn + ONaOIT + SllgO = .^NagSnOg + hll^. 

Stannic Sulphide, SnSg, has long b(*<‘n known and valued as a ])ig- 
ment. It is prcj^ared for this ])urpose by heating togethe r 12 parts of 
tin, 6 |)arts of mercury, w’ith which the tin forms an amalgam, 7 parts 
of sul])hur, and 0 parts of sal ammoniac. Stannous chloride*, mereairic 
chloride, and the re*maining sal ammoniac sublime*, ajid golden-ye llow 
scales of stannic sulphide* re‘main. It may also be; e)btaine*el by he ating 
stannous sulphide* with corre)sive sublimate;, and in edJier w^ays.^ The 
produfjt crystalliscis in hcxage)nal tablets, which are translue;e*nt and 
of a golden colour. It has, f}iere fe>re*, been known since the eighte*e‘nth 
century as mosaic gold, atmmi mosammi e)r mmivuin. The* ele;nsity e)f this 
substance* is abemt 4*5, and it is e*mployeel as a bronzing powde;r for artic’ -s 
of wooel, gypsum, e*tc. Whe*n it is heate*d sufiiciently it is partly ele/ 
posed into stannous sulphide anel sulphur, whilst the ryst 
It dissolves in aepia ivgia and in caustic alkali, but iie)t in' In 
or nitric ae?iel. Stannic suljdiiele is met with in analy * 

‘ Biltz aiul Mccklenb(*rp;, Zeitsch. anorg. Chem.., 1000, 64, 22(> 

Mourlot. Vompt. rend., 1897, 124, 708. 

^ Coinpt. rend., 1H83, 97, 442. 

* F. M. fVrkin. J. Soc. Chem. Ind., I90J. 20, 42.'5. 

Woulki. /V/.?7. Tran-'i., 1771, 114; Kleitzinskv, DingL jxd 
Fellefcier, Ann. Chim. Phys., 1792, [i], 13, 280; Sclmeielcr, Pogg. 
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yellow precipitate, formed when hydrogen snl)>hide ^as is passed into 
stannic chloride solution. Accordiji^ to Jdr<fenseii,^ tlie ])reeipitatc 
ol)tain(‘d with hydro^c^n sulpliidi* and a liycinxdiloric solution of meta- 
stmmie acid contains va.ria.l)Jc amounts of metastannic acid and stannic 
snl{)hid(^, its eom])osiliou depending? on tlu* eoueentration of the 
hydro, s^(‘ii snlphido and of th<‘ hydrochloric acid, as well as upon the 
temperature and th(‘ time. Althomrh the j)reeij)itat(‘ contains little 
stannic sulphide at lirst it is ,<rradnaliy transfornuxl into this substance^ 
in contact with hydro"(‘n sul})hid(‘ solnlion, i]u)n^h th<‘ ])roeess rcspiires 
about two months for completion. 

Pn‘eipita.te<l stannic sulphide dissolves in eonccjitrated hydrochloi’ic 
acid, thouijli l(‘ss nsadib' tija.n stannous sn]))hid('. It dissolves (asily 
in caustic alkali solutions, forminif a mixture' of thivjstannatc and 
stanna te', thus : 

aSnSg -I- GNaOTI ‘iNa-oSnS^ H- NagSnOa + :5IL/) ; 

and in alkali sulphide' sedutiems formimr lhie)stannatc only. Stannenis 
sulphides lYiay alse) be' conve rtexl iute> tliiostannate', a-ud so more* e'asily 
dissolvc'd, by heating it with alkali pe>lysulj)hiele‘ se)lution or with alkali 
liyelroxiele* a.nel flowers e)f sulphur. 

Thiostannic Acid and its Salts.- Wlien a se)lutie>n of pr(x*ipita.tcel 
st.annie^ sulphide, in .alkali sidphide* is re‘pre*cipitate*el with aeiel a. y('lle)wish 
brown solid se]>aral('s, which e>n drying bee'oines alme>st bhiek. This 
is lliiosta-nnic aeiel, llgSnS.j, which on h<*alin.L,^ in al>senec e>f air, 
le)S(‘s liyelroire'ii sulphiele*, yie‘ldin<f the yclle)w disulphiele!.- Pejtassium 
I hie)stanna.te' is obtaine'el in ee)lourle'ss prisms, liaxiiij^ the' ce>m])osition 
I ^O, from its solid ion fewnu'e! by bealinij ee)uee'iitrated 
potassium sidphiele sedution with tin anel sulphur, ddu' sodium salt, 
Na-.^SnSj^.^IIoO, is fe)rme*el similarly; whilst by fusing te>tfethe'r sodium 
sulphielc, sta-nnous suljihiele' a,nd suljdinr, e xtracting the^ mass with wate*r, 
and ee)ne!e‘ntratin<^ the* solution, colourless crystals of the ortho-salt, 
Na.^SnS4.T2ll20, are' e>])tained. The ammonium salt (Nil 4)281182.3! I./) 
is (»btaincd in unstable' yelleiwish tablets by {ireeipitatincj a sedution 
of stannie* sulphide in ye'llovv ammemium sulphide by alcediol.^ 

Stannic Oxysulphide^ Su^OS-j.! 1 IlaD, is editained as a white soliel, 
which graelually turns ye llow on keejdnjjr, by pre'ci])itatin^^f an ammoniacal 
solutiem e>f staimie sulphides witb aeiel. ^ 

Stannic lodosulphide, 8118014, is said to be formed when stannic 
sulphide' and ie)eiine, in the* theore'tical pre)]>e)rlie)ns, are' fused to^e'ther 
in a. stream eif carbe)n dioxielc.'* The ])roelnct sublimes in yelle)vvish 
re*d crystals, which are' sedublc in chle)rofe)rm anel ca, r})e)u disul})hide ; 
but wate r ele'compe)ses tlie' compe)unel inte) stannic e)\ide', hydrie>elic 
acid, and sulphur. 


TIN SULPHATES 

ns Sulphate, 811804, obtained whe'u the metal or hydrated 
s flissedve'd in dilute sulphuric acid, or wlu'ii the former is 
n\ixturc of emc volume of sulphuric acid, two of nitric 

J<)T^eTison. Zritsch. aiwrg. Chun., 1001, 28, 140. 

\iilm. AnnalLH. 18o2, 84, 110. 
anok, Zrit<irh, anor<f. Chem.. 1808, 17, 117. 
hrnidt, 1894, '27, 2739. 

•neidor, J. prakt. Chem., 1800, 79, 419 
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acid, and tlirce of watcr.^ The salt is obtained in white, anhydrous 
ne('dl(‘s on evaponitinif its solution in a vaeiiutn ; IS-S ^u’anis of stiinnons 
suij)]iate dissoh c‘ in 100 .i^rains of water at 10'’ C., and 18*1 grains at 
lOO"" C. ; its solution is easily hydrolysed vvitli llu' deposition of a ha, sic 
salt. The anhydrous salt when heated abo\’(‘ C. e\ olves sulphur 

dioxide by st lP-oxidation an<l reduction, thus 
SnS04 SnOg H- SOg. 

Stannic Sulphate.- 'Idu' fet bly basic |)roj)('rties of stannic oxide do 
not admit of tlu' formation of a stable su]j)hate ; and this is shown 
by the preci])itali()n of stannic hydroxide wlien sodium suljdiale is 
added to stannic chlorid(‘ solution. Neverliielcss a cr\\staIliiK‘ salt of 
the composilion Sn(S()4).^>.‘2ir20 is obtainc'd wlu'u freshly j)recipita,Uxl 
sta,nnic hydroxith* is dissoKx'd in dilute sul])huri(‘ acid and lh(‘ solution 
is eva])ora.t(‘d.‘'^ Tin* sa.nie salt may b(^ oblaiiud from lhi‘ solution of 
stannic oxide in concxMitrabxl sulphuric acid, a,nd alsf> a. basic salt of 
the composition Sn(S()4)jj.Sn02.-n20. Hoth salts are completely hydro- 
lys('(l by wal(n\ 

TIN AND SELENIUM AND TELldrUlUM 

Tin forms a compound with seh'nium (T tlu^ composilion SnSt\ 
which iiK'lts at <SGU C., and another, Ashieli is (itlu'r SiioSts^ or SnScg, 
which melts near C. These fads hava^ l)een esiablislicd ))y tlie 

study of freezin<f-point curves of mixture's of tJie two elements ; and 
the simila-r study of tin-tellurium mixtuns shows th(‘ cxislenc(‘ of tin* 
comj)onnd SnTc' corrt'S])ondin,i]f with a well-ma.rk(d maximum a,t 800 ' (!, 
Microscoj)ic (‘xamination shows thal the compounds SnSc and SnTc 
crystallise well.^ 

TIN AND NTTlUHiKN 

Stannous Nitrate is o])tained in whib* h allets ha,\’inj.f the eoiYiposition 
Sn(N()3)2.‘20ll2O l)y cooling to —20° C, a. solulion of stannous oxide 
in nifric. acid of d< nsity 1*2. It is also for?nerl by (hii a.clion of 
hijj^hly diluted nitric acid on the nudal, some of tlie acid thus sufh:ring 
maximum reduct ioii to ammonia : 

iSii + lOllNOjj --- 4Sn(NO.,)2 h NII4N03 -{- 3lL,iK 

Accordin^i^ to C, 11. 11. Walker,’’ tin dissoha^s in nitric aiad forming 
stannous and stannic nitrates, Ihv- re]ali\e proportion of tluse two 
salts jU'oduced depending on the temperature and tin* strenjfth of tlie 
acid ; moreover, the yellowish white prcci))ita.te which separates when 
the somewhat concentrated acid is (nijiloya d is said tf> be a hydrated, 
ill-defined, stannic nitrate. 

Stannic Nitrate, vSn(N03)4, to be produced ()y the action of 

70 pc'r cent, nitric acid on tin, and to be stabh* in pn senc'e of the co» 
centrated acid at 90° C.® It dissolves in water, but is quickly h’* 
lysed wifh sei)aration of hydrated stannic oxide. 

^ e>rtSsofc, (Jhe.v), Nm'fi, ISSO, 53, 172. 

- Durrant, Trams. Clicm. Sor..^ 1915, 107, 637. 

^ Ditto, Comjd, Tcvd.^ 1887, 104, 172. 

‘ Biltz, Meoklonberp:, and (toldl>eck, Zcitsch. anorg. Chew., 1909 
Walker. Trans. Chin. 1893, 63, 845. 

Monteiiiartini, Gazzeiia, 1892, 22, 384 



860 


CARBON AND ITS ALLIES 


TIN AND PHOSPHORUS AND ARSENIC 

Pho8phor-tin» by addiii" phosphorus to molten tin, is largely 
employed in the pre]){iration of phosphor-bronze. It is characterised 
by extreme brittlen(‘ss and brilliant fracture ; and microscopic examina- 
tion of its surface sho^vs it to be traversed by numerous intercc^pting 
straight lin(\s, bc‘tween which is a softer matrix. By treatnK'ut of the 
alloy with dilute nitric acid the matrix is removed, and a phosphide 
of tin in the form of white, shining plates rc^mains, which is found to 
have the comi)osition SiigP.^.^ When this compound is heated in 
hydrogen some of the phosj)horus is nmioved, and wlnai it is acted upon 
by conc(‘ntrat(^d liydroehloric acid spontaneously inflammable phosphine 
is liberatt‘d. If the ])hosphide Sn.^Pg is heated alone it loses some 
phosphorus, yielding a lower phosphuhi of the composition Sn^P, which 
may also be obtained by tlie miion of ])hosphorus with spongy tin. 
Wh(Mi, how(wer, fine ly divided tin is luxated in jdiosphorus vaj)Our, the 
comjKiinid SnP is obtained as a white, brittle mass. 

Stannic Phosphate or Pyrophosphate is a solid of rather indefinitti 
conj])osilion formed by the combination of phosphoric and ^-stannic 
acids. The formation of this substance serves to S(‘f)arate j)hos[)horic 
acid from a nitric acid solution, and is sometinu^s t‘m])loyed for this 
purpose in qnn.litativ(‘ analysis. Tin-foil is added to the nitric acid 
solution of a mixlun* (‘oiitaining ])hosphate, and all the phosphoric 
acid enters into combination with the ^-stannic acid as it is formed, 
so tliJit tlu‘ solid ioTi is freed from phosphate. 2 

ThiT(,' is nu tallographic evidence of the existence of thi^ following 

arsenides of tin ^ : 

Sn^Asg, Sn4As3, SnAs. 


TIN AND CARBON 

Stannioxalic Acid. — It was shown by Hansemann and LowenthaH 
tiiat fresJiJy j)recipitated stannic hydroxide is freely soluble in oxalic 
acid solution, and that when this solution is evaporated a gummy mass 
remains ; and Pochard,^ by dissolving stannic hydroxide in potassium 
hydrogen oxalate solution obtained monoclinic crystals, to which he 
attributed the formula 2^* Rosenheim and 

Platseh® iselaU'd, however, in the same way, crystals having the 
composition UK 20,2Sn0 2. 70203.51120, and showed that a solution 
of this siiV^stance gives the n‘actions neither of tin nor of oxalic acid. 
It is, th(irefore, the potassium salt of a complex stannioxalic acid. 
The barium salt, 2Ba0,Sn02.4C203.2H20, obtained by adding barium 
diloride to a solution of the potassium salt, forms insoluble white 
dies. The free acid coidd not be obtained ; attempts to isolate it 


I J. Soc, Chern. Iml, 1897, i6 , 200. 
mIkt^. /jpitsrh, anal, Chrm.^ 1919, 58 , 299. 
nnd Dupuv, Coinpi. rend.y 1911, 152 , 1912; Parravano and do Cesaris, AUi 
/, 1911, i v], 20 , i, 599. 

' an<l Annalmy 1854, 89 , 104. 

npL nmly 1899, Il6, 1513. 

1 I'latsch, Zeiliich, anorg, Ghem,, 1899, 20 , 281. 
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yielded mixtures of colloidal staimie acid and oxalic acid. This ])o\vcr 
of stannic tin to combine with oxalic acid furnishes a means for the 
analytical separation of the rm'tai. 

Stannous Tartrate, SnC 4 ll 40 (}, is slowly fornud wluai a dilute 
solution of tartaric acid acts upon tin in ])r( ,senee of aird 

TIN AND SILICON AND TUNGSTEN 

Tin and Silicon. — Liquid silicon and tin mix in all proj)ortions, 
and, on cooling, pure silicon se])arales, the' eutectic being praclically 
pure tin.^ 

Stannous Tungstate, Sn WO 4. 61 1 2O, is formed as a y(‘llow precif)itatc 
when solutions of stannous chlorid(^ and potassium timgslaie are mixed. 
It is soluble in oxalic acid and potassium hydroxide^ solutions. 


DETECTION AND ESTIMATION OF TIN 

Detection and Qualitative Separation. — I'in is tested for qualita- 
tively by reactions in the dry way and in solution. 

Tin compounds are r(‘duced to the metal wlu'u luxated on a car- 
bonised match in th(i iiiiKT blowpijK^ flame, or when mixed wilh pe>tas- 
sium cyanide and heated on charce)al before the blowpi}K‘. 'I'lu* bead 
of metal thus f)btain(‘d is white* anel malleable, but ejuiekly becomes 
ce^vered, when hot, with a lilm of white oxide. The m(‘lal may be 
identilied by its behaviour with nitric aeiil ; by fusing a ])arlicle.‘ of it 
into a borax be‘ad coloured blue witli a co])])('r salt, whe'u the bead 
becomes ruby-ivel ; or by disserving it in hydrochlemc aciel and adeling 
mercuric chloride* to the solution of stannous chlea’ide; thus fe)rmeei, 
when a white precipitate of meu’curous chloride, e>r a grey one e)f me rcury, 
will be obtained. Tin com])ounels colour the Bunsen llame greyislx 
blue, but give no spectrum in this way. 

Stannous and stannic compounds are capable of numeTOUs reactions 
in sediitieni, which have been given in detail in the previems pages ; 
therefore only those oi analytical impewtance will here*, be noticed. 

If a tin cornpoimel caimed be dissedved in hydrochloric acid, as, 
for instance, stannic oxide, it may be fused with sodium or j)(>fassium 
hydroxide ; or, better, with a mixture of scxlimn carbonate and sulphur, 
which produces sodium thiostaiinatc. Aftei* the excess of suljdiur 
has beem va[)orised tlieTc remains a dark brown mass which will 
dissolve completely in water, yielding a ye'Jlow solution. From this 
solution dilute hydrochle)ric acid precipitate s thios tannic acid, IljjSnSjf, 
which may them be dissedved in concentrated liydroehloric acid. 

Stannous and stannic sul})hide!S arc j)re‘ci])itated from slightly acid 
solution by hydrogen sulphide, and so arc brought down witli tlie^ other 
metals of the se'cond analytical group. Stannous sulphide, how^cver ' 
is rather easily dissedved by hydroeddoric acid ; and, there fore*, ui*^* 
the solution is well diluted, wdll be incoiu])l(*t(*Iy precipitated, 
sulphieh s, te:)gcth(‘r wdth those of arsc^nic and antimony, arc se 
from the other sulphides of the group by remson of their so’ 
alkali solutions. Stannous sulphide is, howewer, imperfect’ 

^ OhftpTnan, Trails. Chein. Soc., 1913, 103 , 77/5. 

* Tamaru, Zeilsch. anorg. Chem., 1909 61. 40. 
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by sodium hydroxide solution ; but dissolves more r('adily in presence 
oi‘ u })o]ysulpliid(\ such as may be formed by heating tlu; alkali solution 
with sulpliur, or adding to it ydlow ammonium sul[)hide. This is 
because stamious is lliereby cr)nv(a*led into stannic sulphide, wliieh 
prod uees th iost an n ate. 

If ars(‘iiie and anlimony Averc originally present Avith tin their 
sulphides will all be. pn.sent in the alkaline solution as ihio-salts, 
whence they will Ixi j)reeij)itated tog<‘th(‘r by diluh^ acid. Various 
means are available for the se})aration and identilieation of th('se three 
nu'tals. Arsenic may be s(‘j)arated from antimony and tin by cither 
of two methods : 

(i) Boiling concentrated hydrochloric a.cad dissolves the sulphid(^s 
of antimony and tin, but has no action on sulphide of arscaiic. 

(ii) Digestion Avith water and solid ammonium carbonate dissolves 
snlpliide of arsenic, but not the sulphides of anlimony and tin, Avhich 
may be dissolsnsl in hydrocliloric aeid afU r the ivmo\ al of the arsenic. 

The following methods arc available for sejAarating anlimony and 
tin ])res(‘nt in hydrocliloric acid solution : 

(i) The acid solution is poured upon a piece of zinc nesting on 
platinum foil in a. dish ; when by electrolytic action metallic antimony 
is deposit(‘d on tlAc jdatinurn, and tin upon the zinc. The deposited 
tin may tlu-n be dissolved in concentrated hydrochloric acid, and tested 
For, after diluting tlu^ solution, ))y means of uH rcuric chlorid(\ 

(ii) Antimony may be removed and Lin h ft in solid ion by passing 
hydrogen sulphide gas after addition of oxalic acid, since the stanni- 
oxali<‘. acid thus formed contains no tin ions to lx* ] precipitated by 
hydrogen suljihide.. Tin may then be pn^ctipitated from th(.‘ liltrate 
from the antimony sulfihide by metallic zinc, or tlu* oxalic acid may 
bi' destroyed by permanganate, and th(‘ tin then precipitated by 
hydrogen sulphide. 

(iii) Sodium hydroxidt^ is addixi to the solution containing tin and 
antimony until tlu? ])r('ci])itated hydroxides are redissolved ; bromine 
wat(T is th<ai added to convert stannite and aiitimonitc into stannate 
and antimonatc, and this is followed by solid ammonium chloride. 
Aft<‘r the. evolution of nitrogen by the action of hypobromitc*. on ammonia, 
a jirecipitate of stannic hydroxide separates oAving to the hydroh sis 
of ammonium si {innate ; and this, after boiling the liipiid, may be filtcx i d 
off, leaving antimonatc in solution. The stannic hydroxide is then 
dissolved in hydrochloric acid, the solution reduced to the stannous 
state by iron wire', and the tin test(*d for by mercuric chloride.^ 

(iv) Another nnihod of detecting antimony and tin, which is very 
simple and satisfactory, consists in causing iron wire to react with the 
hydrocliloric acud solution of tli(! mixed chlorides. By this means 
metallic antimony is separated as a black powder, and tin is reduced 
to the stannous state, and may be detected, after the solution has been 
filtered, by the mercuric chloride test. 

Estimation. — ^^fin may lie estimated ; (a) volu metrically, (h) gravi- 
cally, (c) electrolytically. 

Tin whem present in the stannous state is estimated volumetri- 
^itmtion with standard iodine solution. It is usual to add 
h- to the solution, and then excess of sodium bicarbonate, 
ombincs wdth the hydriodic acid formed so as to prcA^cnt 
ns, Cheni. Soc.^ 1903, 83, 184; Caven, Froc. Chem. Soc., 1910, 26, 176. 
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the reversal of the reaction, and th(‘ lloehc^ile sail serv(‘s to retain ih(.‘ 
tin in solnlion as a coin])]ex tartrate. The results are apt to be low 
owiii" to atmospheric oxidation of tlu* stannous salt, and it is, therefore, 
preferable at once to add excess of iodine and titrates l>a.ek with tl\io- 
snJ])bate. Tin may be estimat(‘d in a-cid solnlion by a,ddif),ir iodine in 
excess, and titrating back with dilute' stannous solutie)n e)f known 
strengtli ; "anel also by adehng c'xee'ss of fe rric elileniele*. which converts 
sbume>ns into stannic cililorieie', anel titrating wil.li dieln’omate the 
ferrous ire)n ])rexiuce‘d. VVheai tin is pre-seait in solution in the* stannic 
state*, the me tal may be* ]:)rceipitate‘d by zinc, then elissoh e'd in hydro- 
chloric acid, and the solution titrateel with ie>din(’. 

(/>) Tin is estimati'el gravimedrically as dioxide*, into which the metal 
is com eit.e'd by tlie action upon it of nitric acid, followeel by the* ignition 
of tJu* (3-stannic acid se> fornutd. When the* tin is pre'sent in an alloy, 
the stannic oxide so obtained will not be ])nre*. If eo])per and iron 
a, re prese*nt the*y may be^ se])arated by fusing tlie impure stannic e)xiett) 
with se)elium eaihemate and suljdinr, dissolving the fused mass in wate*r, 
and irducing the solution witli se)ehum snipliite*, wlu'u the* sulj)hiele‘s 
of ire)n and cop|)er will be preci])itate‘d anel may be filte red off and 
weighe'd. Inste*ad of Aveiglnng the iron and copper snl})Iiides it is 
permissible te) repreeipitate* tin* stannic sulpliiele* from the liltrate*, 
(?e)nvert it iiito stannie* oxide by ignition and we igh it as such. AVlu'U 
the alloy ceintains antimemy, this me‘ta.I will be* ])re‘se‘nt a,s a tliie>- 
salt togedheT with Ihi after fusion e)f the oxide*s of the*ser me*ta.ls with 
sodium carbonate* and sulpliur. Tlie sedution ceintaining the* mixed 
thie)-salts is treateel witJi caustic potash, hyelroge*n jxroxide*. and 
tartaric; acid ^ to (;onve*rt thio into oxy-salts and re*tain the latter in 
solution. Oxalic; acid is then adde*d, followed by iiydrogeai sulphide. 
Jly this means tin is kcjit in solution, whilst the antimony is pre cijii- 
tated as the pentasulphidc.^ It is then usual to estimate the tin in 
the liltrate e*le*ctrolytically. 

(c) Tin, wheai im^sent in sedntiejn as stannous chloride, may lie* esti- 
mated eleetrolytically by the inethe)el of Kngels,^by adding to the* sedutiein 
hydroxylamine to preve'iit oxidation, te)ge*ther with tartaiic* aehl and 
ammonium oxalate, and passing a current of e‘le;ctricity through the 
warm solutiein. It is dillicult, howeve*r, to re*me>ve‘ all the* tin. 

Classen ^ separates antimein}" e'le'ctredytically freim a sedation ed' the; 
sulphide's in c;e)ncentrated sodium sulphide*, tin ne)t coming elown if 
the cturrent is weak. 

Sand ^ has carried out the ra]iid clectredytic estimation of tin, and 
its separation from antimony. The [inro medal was dissedved in con- 
eeaitratc'd snljihnric; acid, and the sedation was dilutexl anel ne*arly 
iK'utralise'd by ammonia, oxalic acid being addeel to keep tiu; stannic; 
tin in solution. From this solution, by the* use of re>tatijig })latiTmm 
cde^ctrodes, about ()-3 gram of tin was completely separate cl in tliirty 
minutes or less at a temperature of 7()°-l()()® C., with a current of 
8 to 5 am])e*res and 2 to 4 volts. If the solution was old, and there fo’ 
contained some |3-stannic compound, the separation was more difli< 

' Hc'nz, hutugitral Disutrlationy Zurich, 10(K], 

* Sec also McCay, J. Amcr. Chem. Soc,^ 1910, 32, 1241. 

3 Engels, Zcitfich. Ekktrochem., 1890, 2, 418. 

4 Classen, Ber,, 1884, 17, 2245 ; 1885, 18, 1110; 1895, 28, 2000. 

® Sand, Trans, Chem, 80 c., 1908, 93, 1572 ; see also Pasztor, Zeitsch, Elekfr 
16, 281. 



864 CARBON AND ITS ALLIES 

The separation of nntimony from tin in an alloy such as type-metal 
has been carried out successfully by the use of a jirraded potential. 
The alloy was dissolved in a mixture of nitric and sul])huric acids ; 
the /TR'ater part of the nitric acid was (‘xpellc^d by h(.‘ating, and the 
remainder destroyed ; and then tin? antimony was reduced to the 
antimonioiis state by hydrazine sulphate. Finally, the antimony was 
scjiarated at a limited })otcntial from the sul})hurie aeid solution, 
leaving? the tin behind. 

Tin may also bc‘ <‘stimated ^ electrolytically after jm'cipitation 
as sulphide by dissolvinf^ the precipitate in ammonium sulphide solution, 
addin" sodium sulphite, and electrolysing^ the solution. 

The electrochemical behaviour of tin has bc‘(m studied by Foerster 
and Yamasaki.- 

^ JJuinphrovillo, and Mnq. 191 1, 98, 904 ; Soc. Chan. Ind., 1914, 33, 1228. 

FoerHter and Yamasaki, Znf^rh. Elc.lfroc/icm., 1911, 17 , 301. 



CHAPTER IX 

LEAD AND ITS COMPOUNDS 

LEAD 

Symbol, Pb. Atomic weight, 207*20 (O ~ 16 ) 

Occurrence. Lc'ad rarely occurs native. Its most important ore is 
tlu‘ sulphides, galena, PbS, with which are occasionally assoeiatc‘d the 
selenide and telluride. Th(‘ comtnon oceurrc iiee of gak'iia is to be 
attributed to its relative insolubility in water, the nadincss with 
wiiich it crystallise s, and the fact that it is fe)rnu‘d from othe r compounds 
by variems reactions, both Avet and dry. Pre)bably its natural formation 
is eommemh^ due^ te) the action of hydrogem sulphide on e)theT lernd 
ce)n]pounds in presence of AvateT. It is found associate*d Avith ejuartz, 
lluf)rs])ar, calcspar, and barytes in various gee)logical strata, is Avidely 
distributee! thre)ughe)ut the wewld, aiiel occurs in veins or Hat bexls 
l)e'twee‘n the strata. In Ce)rnwall anel Devon, galeaia lU's in veins called 
“ killas ” Avithin an argillae(*ous schist e)f the? Devonian formation ; 
in and around Alston Moor, at the junction of Northumberland, Cumbe^r- 
Ja-nd, and Durham, the same! ore is ibund in flat a e ins or “ Hats ” in 
carbon ifeTe)iJs linu.‘stone‘ ; in Shro})shiiv, parts e)f Wales arid Scotland, 
anel the Isle of Man, the; ore e)ccurs in re)cks e)f the Silurian formation ; 
Avhilst in j)arts e)f Irelanel it is feniiid in granite. 

Though of little practical importance, the comple^x sulphides in 
which leael is asse)eiateel with otluT metals are nume re)us anel inUTe\st- 
ing, and include thioarsenides, thioantiiruMiide^s, thie)bismuthidcs, and 
thiejstanniele's. Typical minerals of this kind are : sariorite, PbAs2S4 ; 
zinkenite, PbSb2S4 ; bournonite, CuPbSbSa. Zinke nitc has be‘e;n })ro- 
eluceel artificially by fusing toge the r galena anel stibnite in the; preipejr 
preipeirtions.^ If the sulpliielc is r(*gard(‘el as the* fundamental le‘ad 
mineral, other mine'rals are deriAx*d from it by oxielation, carbona- 
tion, e tc. The eixieles are rarely feiund, but occur as massicot, PbO ; 
minium, Pb3()4 ; and jdattHerite, PbOg. 

Cenissite, lead carbonate, PbCO.^, ranks next in imjieirtance to galema 
as a le‘ael ore. Its feirrnation is attribute'el te) the action eif cjirbonated 
Avaters on otheT lead compounds. It is found in De;veni anel CV>rnwall, 
in Yorksliire, at Leadhills in Scotland, and in County Wickleiw. A 
basic carbonate, kneiwn as hydrocerussite, is Pb3(0H)2(C03)2. 

Lead chloride, PbClg, occurs as the rare mineTal cotunnite, produced 
as a sublimate in Amlcaiiic action ; the basic chlorides, matloekite, 
Pb20Cl2, and mendipite, PbaGgClg, arc better known, but the chloro- 
carbonatc, phosgenite, PbaClgCOj, is rare, 

Anglesite, kad sulphate, PbS04, minc^ral of some impe)rtau' 
occurring at Leadhills and elsewhere ; it may haA^c been feinru 
an oxidation product of galena, or by the action upon this » 

^ Foumet, J. prakL Chem,, 1834, 2, 490. 

365 
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of iicid ferrous sulpliate solutions forin(‘d by the oxidation of pyrites. 
Basic lead snlphaLe, PboSOr,, occurs as the ran^ mineral layiarkilc, 
whilst IcadhilUte is rbS04‘'.2Pba)3.Pb(()ll)2. 

licad cliroiiiate, Pl)Cr04, occurs as crocoiic or crocoisite, the molyb- 
dat<* Pi)Mo()4, as xculfctdle, tlu* tunj^state PbW04, as stolziic. 

Lastly th(T(' an^ three minerals which are inti‘rc‘slin^ on account 
of th(;ir isomorphism : the chlorophosj)hate yyromorphitc l'b5(P04)yCl, 
the chloroarsenate mimclUe or inimelesiie Pb5(As04)3(L and the 
chlorovaTiadate. vanadinite Pb5( V04)3CL 

History. - liC ad was one of the seven metals known to the ancients ; 
and the E"y})tians were ])robably a(r(p minted with it three tliousand 
years ago. It is mentioned several times in the Old TestauK iit ; and, 
together witli tiji, was found amongst the s])oil taktm by Israel from 
the Midianites (Numbers xxxi, 22 ). Th<‘ name used for it was ophen't, 
d(Tived from aphar, signifying gny. The Grc‘ek e^pli^al(‘nt of this 
word is to wliieli is related th(‘ word wliieh originaJIy 

meant lead. It is dou])tfiil liow far lead Avas distinguished from tin 
in the earliest times ; a distinction was draAvn, how(‘A'('r, by IMiny 
betvv(ien tliese two metals ; for, according to him, h ad was ylumhan 
ni^irnm^ whilst tin was idumhuni album or ('andiduni. L('ad, or an 
alloy containing it, appears to have been used by the Bomans for 
pij^es for eonvt^ying water. 

According to tlieir custom of associating nu'tals with the' lu'avenly 
bodies the ah‘h(;mists a]Aportion(!d had to Saturn, and gave it the 
symbol l>. Thc'iiee arose the adji ctiA^e saturnine, Avhieh meajit jx'rtairi- 
ing to lead ; e.g. minium was known as saturniiu' red. It is inte'resting 
to notice that this adjective is still employed to signify the lead-like 
(jualities of dullness and lieavincss. 


THE METALLUBGY OE T.EAD i 

Owing to its easy redueibility lead was extracted from its on^s in 
very early tinu s. The Bomans manufactured lead in Britain, and the 
remains of rough furnaces exist in Derbyshire and elsewhe re, in which 
the ore was rc'duced by means of charcoal. Until the middle of the 
eighteenth ec'iitury a kind c»f Idast-furiiacc was in use in England, but 
about this tinu' rev('rberatory furnaces, previously employed in Flint- 
shire, Averc! introduced into this country. 

'I'hrec? distinct jwocesses arc noAV employed in the metallurgy of 
h'ad : 

(i) The air reduction process. 

(ii) The car])on n'duction process. 

(iii) The precipitation process. 

(i) The Air Reduction Process is applicable to ores consisting 
chiefly of galena, and free from other metallic suly>hides and silica. 
The t(Tm “ air reduction ” seems anomalous. It applies to the pre- 
ferential oxidation of sulphur, whereby from galena, metallic lead and 
*Dhur dioxide result thus : 

PbS + O2 = Pb + SO2. 

<l('t ailed account of the practical Metallurgy of Lead, see Lead, by H. F. Collins, 
ririflin and Co., Ltd., 1010). 
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This reaction is not, however, directly realised ; but the following 
reactions of oxidation first take place : 

(2PbS + 30.> - 2PbO H 280. 

i PbS + - PbSO.^ ; 

and tiu'se arc followed by the interaction of uiudiangc'd lead sui])hide 
with oxide and sulphate thus : 

(PbS -f 2 PbO 3Pb + SO. 

IPbS + PbS04 - 2 Pb + 2863 . 

The latt(^r rt action, however, is liabhi to be reversed by the action of 
ex(H\ss of sulphur dioxide on the reduced lead. 

Four conditions of equilibrium, ind(‘(*d, arci possible, and are r(‘])re- 
sented by the (-(jualions ^ : 

P})S + PbSO^ 2 Pb + 2 SO 2 
PbS + 2 PbO 8 Pb + 8 O 3 
PbS + 8Pb804 4PbO + 4 SO 3 

Pb -f PbSO^ 2 PbO + SO 2 . 

According to Reinders,^ in the interaction of lead sulpliide with 
l(.‘ad sulphate, and the formation of metallic h ad and sul]>]iur dioxide, 
thc' live following univalent systems, each consisting of tliree solid 
phases, succcissivtd}^ occur, and mark the gradual elimination of sulphur : 

(1) PbS - PbSO^ - PbO.PbSO^ 

( 2 ) Pb - PbS - PbO.PbSO^ 

( 8 ) Pb - PbO.PbSO^ - 2Pl)0.PbS04 

(4) Pb - 2Pb0.PbS04 - 8PbO.Pb8()4 

(5) Pb - 3Pb0.PbS04 - PbO. 

From the vapour pressure curve of the first system the thermal \'aliie 
of the reaction 

PliS + PbS04 - 2 Pb + 2803 

is calculated to he — 99,543 calorics ; and from the heats of formation 
of the compounds concerned to be — 92,470 calories at 20° (h 

These reactions ar(^ carried out in a reverberatory furnace (Fig. 13). 

The charge of ore, consisting of from 12 to 21 cwt., is introduced 
through the hop})er on to the hearth of thefurjiace, which is hollowed 
so as to allow the moltcai lead to collect above the Lipping hole, and 
flow through it at the ])roper time into an iron pot. TJi(;r(i are several 
doors surrounding the hearth which allow thci temperature to be regu- 
lated and the mass to be rabbled at intervals. 

In the first part of the* operation the orc‘ is heated b(‘low a full r(‘d 
heat, and not allowed to clot ; and thus absorption of oxyg(‘n takes 
place with the formation of oxide and sulphate according to the first 
two reactions. When this oxidation is at an end the doors of the 
furnace are closed, and the temperature is raised to a full red heat, 
and thus maintained for about half an hour. The mass now becomes 
plastic, reduction to metallic lead takes place, and thci molten metal 

^ Jenkins and Smith, Proc. Chem. Soc., 1897, 13, 104; Scheiick and Rassbach, /?cr., 
1907, 40, 2185, 2947. 

2 Reinders (with Ooudriaan), Proc. K. Akad, Wclcmch. Amaicrdam^ 1914, 17, 703. 
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collects in tli(‘ w(‘ll of the fiirnac(\ In ord(T, however, to separate 
the metal from unr<‘(lncefl ore, the fnrnaee is allowed to cool somewhat, 
and lim(‘ is added atjd mixed with the eharjnre by irieans of a rake. 
This makes a stiff from which the molten medal more easily 

se|)aratt‘s, and also serves to combine with any silica pr(‘S(‘nt, and 
liberate; lead oxide with which the silica may have b(‘en combined. 
Lastly, the temperahin^ is a^ain raised, and more lime is added, so 
.as furthc;r to stiflen tin* sla^ : tluai the molten metal is run off from 
the ta[)hole, and the solid slai(, tc‘chniea.Ily known as grey slag, raked 
out from th(‘ furna,C('. Som<; sla^f, however, still remains with the 
metal, and this is (;liminated by stirring coal slack into the mass by 



Fro. Kt - Kliiitslnro rrvorlMa'aiory fiirnaco for h'ad smelting. 

A. Fireplace. 

/)’. Jlolldwc.d bod of furiiac('. IX Fluo. 


means of a paddle. The combustion of the. coal melts and liberates 
the metal conhned in the slag, and the latter is then skimmed off from 
th<‘ surface of th<* metal. 

The slag may contain as much as 40 per cent, of lead, which is 
reco\'iT<xl by tre^atment in a sp(;cial blast-furnace called a slag-hearth, 
or in the blast- fun race; employed in method (ii). Ores smelted by the 
air rednetion proc(;ss in Flintshire contain from 75 to 80 per cent, of 
lead, 90 jxa* cent, of whieh is obtained directly from th(* reverberatory 
furnace, and tlu‘ remainder by the subsequent treatment of the slag. 

(ii) The Carbon Reduction Process. — Ores in which lead exists as 
oxidi; or carbonate can readily be reduced by carbon, after the manner 
in which iron or(;s arc reduced in the blast-furnace. Moreover, lead 
sulphide, occurring as galena, may be converted into oxide by efficient 
roasting, and tb’ oxide may subsequently be reduced in the same 
way. llesides t^ s, the method of carbon reduction in a blast-furnace 
is applicable to ores containing silica, iron and copper pyrites, and 
other minerals. Consequently, the carbon reduction process is now 
perhaps the most important part of the metallurgy of lead. 
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The blast-furnace (Fig. 14) in which lead ores are smelted is rectan- 
gular, and about 3 feet 6 inches wide, and 12 feet high above the tuyeres. 
The lower part or bosh of the furnace is made of cast-iron or steel, 
and surrounded by a water-jacket through which the tuyeres pass ; 
tlie rest of the furnace is lined with fire-brick. 

The preliminary process of roasting is carried out in a reverberatory 
furnace, or in a vessel shaped like a Bessemer converter, tlirough which 
air is blown. When the lead sulphide has been converted into oxidt* 



Fin. 14. — Blast-furnace for lead smelting. 

A. Charging floor. fH, Water-jacket surrounding 

B, Charging pipe. hearth of furnace. 

O, Blast-main. F. Slag lip. 

Z). Tuydres, or blast-pipes. 0. Tapholos. 

and sulphate, the roasted ore is heated to incipient fusion which causes 
combination between lead oxide and silica. If copper is present in 
the ore, the sulphur is not all oxidised by roasting, but some is left to 
combine with the copper and form a matte. The roasted ore is then 
smelted in the blast-furnace with coke and a flux consisting essentially 
of iron itself or compounds of iron. The iron may be in the form of 
ore, which may or may not have been originally associated with the 
lead, or in the form of basic iron silicates derived from the refining 
VOL. V 2 a 
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or piuldlinLj of iron, or from copper smelting, lii the smelting process 
some of thc! lend oxide is directly ndiiced by the ojirbon of the fuel, 
but for the most ])arL tlie iron is lirst reduced, and this in turn reduces 
the lead. jMoreov(‘r, if lead sulphide is present metallic iron will react 
with it, forming iron sulphide and nu^tallic lead ; the iron will also 
decomposer h ad silicates liberating the metal. And since material poor 
in lead can be smelt(‘d in this furnace, the grey slags formed by the 
smelting of gah na in tlie rcwerbi ratory furnace may be reduced here. 

The slag sho\ild consist of tlui silicabrs of iron, calcium, ahiminium, 
and magnesium, and ricd contain more then 3 per cent, of lead ; if, 
however, sulphur was still pres(‘ut in the ore, there will also be a matte 
or regulus of sulphides of lead, iron, and co])pcr, together sometimes 
wilh silver and gold. Tlic mat1(‘ is resmelted to remove the lead and 
concentrate; the coj^per. Leael oblained from matte, however, is very 
impure. 

The Cornlensalion of Lead Fume. — Owing to the volatility of h;ad 
some of it is carried jnvay and oxielised in the gases passing from the 
different furnae'es e ruployed in the extraction and purification of the 
metal. Various coin]>f)unds of lead with othe_"r ])roducls arc deposited 
when these gases cool, and constitute “ lead fume.” This “ fnmc ” 
consists chiefly of lead oxiele and sulphate, te)gcther with smaller 
epiantities of lead sulphide, ferric e)xid(‘, alninii\a, zinc oxide, lime, 
and insoluble matter ; ;inel various arnmgements have been adopted 
to coIleK't this fume, and revsmelt it. The mc'ihod usually cmj)loyed 
is to connect to l.lie fiiruaee^s long flues which may be as much as 8 feet 
by 0 in cross-scction, and from three to five miles long. J(‘ts of water 
or steam may b(‘ made to eider the fines at intervals to assist precipita- 
tion of the* fume ; or a filt('ring arrangciTunt of faggots, gauze, sawdust, 
or cariAns bags, known as “ bag lious('s,” may ])e employed. An 
alternative method— that of Messrs. Wilson and French — is to pass 
the fume-laden gases, after cooling, through a condenser containing 
water in whieli the fume is dej^osited. The sludge is then removed 
to a s(;t,tling tank, wdicre the fume is separated from most of the watef. 
It is subsequently dried and smelted in a blast-fnrnacc. 

(iii) The Precipitation Process. — This “ process of affinity,” which 
consists of the reaction 

PbS + Fc -- FeS + Pb, 

plays some part in the sineliing of lead in the blast-furnace already 
described ; otherwise it is of relatively small importance. It has, 
however, been employed in France for the reduction of Spanish galena 
in a reverberatory furnace*, but is said to be wasteful and expensive. 

PURIFICATION OF LEAD 

Pig lead, obtained by any of the above processes, contains a number 
of impurities ; these may be antimony, arsenic, copper, zinc, iron, 
tin, bismuth, silveSr, nickel, cobalt, and sulphur. The general effect 
of these impurities is to liardcn the lead ; silver, moreover, may be 
recovered economically from the lead, much of this metal being now 
obtained from argentiferous galcma. 

There are, thert‘fore, two distinct branches of lead ' purification : 
softening and desilverisation. 
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Softening of Lead. — There are two processes of softening: liqua- 
tion and oxidation. The process of liquation, which is employed 
especially to eliminate copper, consists in carefully heating the crude 
metal on the sloping bed of a reverberatory furnace. A purer lead 
melts and runs away, leaving behind an alloy which contains the 
copper together with nickel and cobalt, and sometimes arsenic and 
sulphur. 

Other impurities are removed by oxidation. The rnctal is melted 
in a reverberatory furnace, and exposed at a red heat to the action 
of air. A scum forms on the surface, consisting of the mort^ oxidisablc 
impurities together with some oxide of lead ; lime is sometimes added 
to stiffen the scum, Avhieli is removed from time to time ; and the 
molten lead beneath it is tested at intervals, so that the process may 
be continued until oxidation of impurities is complete. The first 
oxidation products contain most of the tin, later ones the antimony. 
Bismuth is not removed in this way, since it is not more oxidisablc 
than lead ; but it is associated with the silver in the Pattinson process 
for desilverisation. 

Desilverisation of Lead. — Originally the only proec^ss available for 
recovering silver from argimliferous lead was that of cuj)('llation, by 
which all the lead was oxidised, and so needed again to be reduced 
to metal. Now three other processes are in use which are associated 
with the names of Pattinson, Rozan, and Parkes. 

The Pattinson Process. — This process, sometimes spoken of as 
Pattinsonising or Pattinsonage, was inventtni by Hugh Lee Pattinson, 
of Newcastle-on-Tync, who took out a patent, in October 1838, for 
“ An improved method of separating silver from lead.’’ The method 
depends upon the fact that when an alloy of lead with not more than 
1*8 per cent, of silver is melted, and allowed to cool slowly, pure lead 
crystallises out, leaving a molten alloy richer in silver. The principle 
of the process is the same as that according to which pure ice separates 
when a dilute aqueous solution of a substance is sufficiently cooled. 
Moreover, pure lead is denser in the solid than in the liquid state, and 
therc^fore sinks to the bottom of the molten alloy. 

The process is carried out in a series of iron pans, each heated over 
a fire. The lead is melted in the first pan, skimmed, and then allowed 
to cool ; the sprinkling of water on the surface helps the cooling. As 
solid lead separates it is pushed beneath the surfiicc of the molten 
metal, so that it may rodissolve if possible. After a time crystals of 
lead accumulate at the bottom of the pan and arc tlicn removed by 
a perforated ladle, allowed to drain from the liquid argentiferous lead 
on their surface, and then placed in the next pan, which has already 
been made hot enough to melt them. In this way two-thirds, or even 
as much as seven-eighths, of the mebil is removed from the first pan, 
leaving behind a correspondingly enriched alloy. In practice alternate 
pans of different qualities are generally being crystallised simultaneously, 
and the rich remainder of one pan is mixed in the intervening pan 
with the purer lead from the other pan. By successive crystallisations 
and removals of lead from the various pans, the original alloy is gradu- 
ally separated into purified lead at one end of the scries of pans, and 
an enriched alloy at the other end. So from a lead containing only 10 
ounces of silver per ton, a rich alloy containing from 600 to 700 
oimces per ton is separated; this is then cupelled. The Pattinson 
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process is generally employed for lead too poor in silver to be profitably 

dealt with by any otlier process. 

The Rozan Process or Pattinsonising by Steam. — This process, 
introduced in the works of Luce and Rozan at Marseilles, has been 
described by Cookson.^ Two pots only are required, a nujlting pot 
and a crystallising pot. The molten alloy, after removal from the 
melting to the crystallising pot, is stirred up in the latter by high- 
pressure steam, while the surface of the metal is cooled by water. 
About two-thirds of the lead is allowed to crystallise, and then the 
still liquid alloy is drained off from the crystals through spouts protected 
by perforated plates, which prevent solid lead from leaving the pot. 
Another charge of lead, of silver content equal to that of the crystals 
remaining in the crystallising pot, is added from the melting pot, the 
whol(j remelted, and the operation repeated. It is claimed for this 
process that it obviates the need for previous softening of the lead, 
since the steam, either itself, or by the air it carries into the pot, causes 
the oxidation of impurities ; also that its use effects a great saving 
in labour, fuel, and the amount of dross formed. 

The Parkes Process : Desilverisation by Zinc. — Molten lead and 
zinc are partially miscible liquids, like water and ether. Equilibrium 
is established between the two li<]uids when the lead has dissolved 
1*6 per cent, of zinc, and the zinc 1'2 p(;r cent, of lead. It was observed 
by Karsten in 1842 that silver is more soluble in molten zinc than in 
molten lead, so that zinc when melted with argentiferous lead will 
remov(i and dissolve its silver ; just as, for example, aniline is more 
soluble in ether than in water, and e ther when shaken with water 
containing aniline will consequently dissolve out the aniline. 

Practical use was made of these facts by Alexander Parkes, of 
Birmingham, who, in the years 18.50 to 1852, took out patents for the 
desilverisation of lead by zinc. 

The lead is melted in one of a series of pots, and heated to the 
melting-point of zinc. Slabs of zinc arc then added, and the contents 
of the pot are stirred until the zinc is melted. The amount of zinc 
used varies between IJ and 2 per cent, of the lead, according to the 
quantity of silver present ; and it is generally added in three successive 
quantities, the separated and solidified zinc, containing the silver, 
being removed to a smaller pot before more zinc is added. 

The zinc remaining in the desilverised lead is removed by oxidation 
with air or steam, followed by skimming; or by the aid of an alloy 
of copper or copper-aluminium with lead,^ which takes up the zinc 
and forms a crust on the surface of the lead. The zinc is then recovered 
from the alloy by distillation. 

From the zinc-silver alloy, some of the lead that it contains is 
removed by liquation. The alloy is then heated in a fire-clay retort, 
by which means the zinc is distilled and recovered ; and the rich 
silver-lead alloy remaining is then cupelled.® 

If gold and copper are present in market lead they are also separated 
from it by the Parkes process. 

Eiectrorefining of Lead. — Lead is refined by electrolysis, impure 
lead being made the anode, and a thin slab of pure lead the cathode, 

‘ Cookson, Trani, Newcastle Chem Soc,^ 1878. 

* Coda, Oerman Patent No. 207,104. 

^ For a description of oupellation, see under Silvor, this aeries, voL ii 
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in a cell containing a suitable lead solution as the electi’olyte. The 
most successful process is that of Betts, ^ wherein the electrolyte consists 
of a solution of lead silicilluoride, formed by dissolving the carbonate 
in aqueous hydrofluosilicic acid, to which is added 1 part of gelatine 
in 5000 in order to secure a coherent deposit of lead. The electro- 
deposition of lead is also very satisfactorily carri('d out by the employ- 
ment of a solution of the perchlorate.^ 

PROPERTIES AND USES OF LEAD 

Physical Properties of Lead. — Lead is bluish grey, and when 
unoxidis(*d has a bright, shining appearance, well seen in the crystals 
separated from a lead salt solution by zinc, in the formation of the 
so-called I cad- tree. Lambert and Cullis ^ have prepared pure lead by 
the method of Stas,^ and distilled it in a vacuum in a silica tube. The 
globules of metal obtained had a very brilliant lustre, resembling that 
of mercury or silver, the bluish tint usually associated with lead being 
entirely absen t from them. The fresh surface of the metal rapidly becomes 
dull owing to oxidation, probably with the formation of the suboxide, 
PbgO ; and then presfnits the appearance ordinarily associated with 
lead. Lead is dimorphous, crystallising in the regular and monoclinic 
systems. Regular octahedra arc produced when the molten metal 
solidifies, and are best obtained by allowing a crust to form and then 
pouring away the still liquid metal. From the state of vapour lead 
crystallises in combinations of the regular oetaludron and cube.® 
Plates, which appear to be monoclinic, are formed by the electrolysis 
of solutions of lead salts by feeble currents, but when strong currents 
are employed octahedral crystals separate. . According to Elbs and 
Rixon,® lead may be deposited during electrolysis, either in shining 
plates or as a sponge of microscopic needles, the spongy deposit being 
due to the presence of plumbic salt in the electrolyte. In the growth 
of the lead-tree, however, when a rod of zinc is immersed in a solution 
of lead acetate, the separation of plates is frequently followed by the 
appearance of a spongy deposit. A layer of spongy lead is formed 
on the cathode during the electrolysis of sulphuric acid with lead 
electrodes.^ 

The density of lead has been det(‘rmined under various conditions. 
Lead that has been poured while molten into water has a d(‘nsity 
of 11-352 at 0® C. compared with water at 4° C., and this when 
the metal has been rolled becomes® 11 *358-1 1-305. Whcai distilled 
in a vacuum lead has a density of 11-3415 at 20® C., which when the 
metal is submitted to a pressure of 10,000 atmospheres becomes® 
11-3470. Cohen and Heldcrman^® have found the density of pure lead 
at 25® C. conq)arcd with water at 4® C. to be 11-3299. At its melting- 

* Lead Refining hy ElectroVyais, by A. G. Betts (J. Wiley and Sons, 1908). 

* Mathers, Chem, ZeiLf 1910, 34, 1316, 1350 ; Trans, Amer, EUcirockem, Soc,, 1910, 
17, 261. 

* Lambert and Cullis, Tram, Chem. Soc„ 1915, 107, 210. 

* Stas, BvU, Acad. roy. Belg., 1860, 10, 295. 

® Kahlbaum, Roth, and Siedlor, Zeitsch, atwrg. Chem., 1902, 29, 177 

^ Elbs and Eixou, Zeitsch. Elektrochem,, 1903, 9, 267. 

Haber, Zeitsch. anarg. Chem., 1898, x6, 438. 

* Reich, J. praU. Chem.^ 1869, 78, 328. 

* Kahlbaum, Roth, and Biedler, lac. ciU 

Cohen and Haldennan, Zeiist^ physikal. Chem.^ 1916, 89, 733. ^ 
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point (825° C.) the density of the solid metal is 11*005, and of the 
liquid metal 11*645,^ whence it appears that lead expands on solidifying. 
Lead melts at about 327° C. ; Ileycock and Neville ^ found 827*6° C,, 
Callendar,^ 327*7° C., and Holborn and Day,^ 326*9° C. When con- 
tained in a quartz tube in a cathode light vacuum lead® begins to 
evaporate at about 1000° C. ; under a short vapour column it boils 
at 1140°-1142° C., whilst under a pressure of 45 mm, its boiling-point 
is 1172-1173° C. Lead vapour is monatomic® at 1870° C. ; the metal 
is also monatomic in solution in mercury.’ 

The spectrum of lead has been examined by Hartley, Hagenbach, 
and Konen, Lamprecht,® and Klein.® 

The most intense lines in the spectrum of lead are as follow^®; 

Arc: 2393*92, 2577*39, 2614*26, 2663*27, 2802*10, 2823*31, 

2833*21, 2873*48, 3572*95, 3639*72, 3671*80, 3683*62, 3740*20, 
4019*80, 4058*00, 5005*63. 

Spark: 2802*10, 2833*12, 3573*03, 3639*72, 3683*64, 3740*28, 
4058*00, 4245*42, 4387*11, 5609*00. 

Lead is the softest of the common metals ; it may be easily cut 
with a knife, and leaves a streak when rubbed upon i)aper. In Moh’s 
scale of hardness (diamond == 10) lead is 1 *5. Lead is tough and 
malleable, and so can be rolled out into thin foil ; it cannot, however, 
be drawn into lincj wire, and lead wire of the thickness of fine string 
can very easily be snapped. Pieces of lead foil can be welded together 
under a pressure of 2000 atmospheres.^^ 

Lc^ad becomes harder and more brittle when alloyed with antimony, 
zinc, bismuth, or arsenic. The last-named metal is present in shot. 
The specific heat of lead has been the subject of numerous investiga- 
tions. The following results were obtained by Naccari,^® at tempera- 
tures between 18° C. and 300° C. : 

18° C. 50° C. 100° C. 150° C. 200° C. 250° C. 800° C. 

0*02993 0*03040 0*03108 0*03176 0*03244 0*08312 0*03880 

It will be seen' from these figures that lead obeys Dulong and Petit’s 
law,^® since atomic weight x specific heat = 207 x 0*03 = 6*21. 

Colloidal lead is obtained by reducing lead chloride solution with 
hydrazine in the cold.^® 

Allotropy of Lead. — Until recently no allotropic form of lead had 
been recognised. It has been observed, however, by Cohen and Helder- 

* Vicentini and Omodci, Ann. Phyaik. Beibl, 1888, I2, 176. 

2 Heycock and Neville, Tram. Cham. Soc.^ 1894, 65, 65. 

* Cauendar, Phil, Mag., 1899, [v], 48, 619. 

* Holbom and Bay, Ann. Phys., 1900, [iv], 2, 505. 

» Krafft, Ber., 1903, 36, 1690. 

« Von Wartenberg, Zaitach. anorg. Chem., 1908, 56, 320. 

’ G. Meyer, Zeiisek, phyaikal. Cham., 1891, 7, 477 ; Ramsay, ibid,, 1889, 3, 359. 

« I^amprecht, Zeitach. wiaa. Photochem., 1911, 10, 16, 33. 

* Klein, Zeitach. wiaa. Photochem., 1913, 12, 16. 

Exner and Haschek, Die Spektren det Blernenie bei nortnalem Druch (Leipzig and 
Wien, 1911). 

Spring, Ann. Chim., 1881, fv], 22, 184. 

Bartoli and Stracoiati, Bend. 1st. Lamb., 1896, ii, 28 ; Le Vorrior, Compt. rend., 1892, 
ZX4, 907 ; Behn, Wied. Annakn, 1898, 66, 237 ; Schmitz, Proe. Roy. Soc., 1903, 72, 177 ; 
Tomlin.son, Proc. Boy. Soc., 1884, 37, 109 ; Spring, Bull de Belg., 1886, [iii], 11 , 355. 

^ Nocoari, AUi R. Accad. Sc. Torino, 1887->8, 23, 107; CazzeOa, 1888, 18, 13. 

^ See this series, vol. i, p. 89. 

OvLthwT^ Zcitach. morg. Ckem., 1902, 31, 448. 
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man ^ that when pure load is immersed in a solution of lead acetate 
containing nitric acid the metal undergoes a structural change, Jiccom- 
panied by a change of density. Theses facts are believed to indicate 
that ordinary lead consists oi‘ a ruetastable mixtures of several allotropic 
modilications of the metal. Ih'ller - also found that [)urc‘ lead becomes 
brittle after immcrsioji in an acidilied solution of lead aceiate or nitrate 
for several days, and called the new form ol* metal “ grey lead.” 
Creighton ^ has obtained a similar result by pnssi ug an electric current 
through nitric acid of density 1*42, with sheet lead as cai.hode, and 
platinum foil as anode? ; after eight hoin-.s the eathod(? b(.‘came grey, 
soft, and powdery. Lastly, Cohen and l lt hlerman ^ observed that 
pure lead suspended in a 40 per cent, solution of h ad actuate, contain- 
ing 100 c.c. of 1*16 nitric acid per litre, showt'd ri(ig(‘S due to contraction ; 
the changed lead is believed to be composed of sev c j al allotropic forms. 
Janecke ^ has conlirmed the existence? of allotropic forms of h ad by 
the study of pressiire-teruperaturc curves of thi? metal. 

Lambert and Cullis ® also ati-ribiite to allotropy certain phenomena 
connected with the action of water anti oxygc?n on pure lead. 

Lead is now dclinitcly recognised as a disintegration product of 
radium ; and radium -1) has been obtaiiu'd in visible quantity, and 
proved to be clicmically identical with lead.^ 

Chemical Properties of Lead.* — ^The key to the cht inical behaviour 
of lead is furnished by the position tliis element occupies in tlic electro- 
potential scries of the metals. In this series lead occu])ic*s a position 
close to that of tiji, and little removed from that of hydrogen, both 
these metals being slightly more electropositive than hydrogen. It 
has been found that against a normal liydrogt ii el(?ctrode lead shows 
a potential of — 0*120 volt. Consequently h iul ])osscsses very little 
power of displacing hydrogen from acjueous solutions r)l‘ acids, and 
this power is sometimes interfered with by the insolufuhty of the 
products of the action. TJius lead dissolves in hydrochloric acid with 
more difficulty than tin, although l(‘ad jxissesscs a greater solution 
pressure than tin. 

A chemical comparison of lead and tin has been carried out by 
Sackur,® who finds that while lead pneipitates tin from nitric acid 
solution, it is precipitated from acetic acid solution ]>y tin. A condition 
of equilibrium between tlu? two metals, consistent with the law of 
mass action, is attained in the case of solutions in hydrochloric and 
sulphuric acids. Th<? conclusion is reached by measurements of the 
E.M.F. of a voltaic eh^ment of the form Pb | Pl){N 03 )g | Sn(N 03)2 j Su 
that the electrolytic solution tension of lead is about 17*2 times as 
great as that of tin. This great difference?, which is partly accounted 
for by the feeble ionisation of stannous salts, is in accordance with the 
relative positions of the two elements in the periodic system, and the 
stronger basic proi^crtie'S of lead oxide us shown by the stabilities of 
its oxysalts. Since lead is so little capable of displacing hydrogen 

1 and Heldcrman, Proc. K. Akwl, Wchrisch. Amsterdam, 1014, ly, 822. 

2 Heller, ^Mtsch. physikal. 1915, 89, 761. 

** Creighton, A. Amer. Chem. Soc., 1015, 37, 2064. 

Cohen and Helderman, ZeitscK phyalkaL Chem^, 1015, 89, 

^ J&nccke, ZeUsch. physikal, Chem., 1915, 90, 313. 

® Lambert and Cullis, Trans. Chem, Soc,, 1916, 107, 210. 

^ Von Hevesy and Paneth, Ber., 1914, 47, 2784. 

* Saokur, Chem, Zentr., 1904, i, 863. 
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from dilute acids, its solution by such an acid as acetic acid is to be 
attributed chiefly to the assistance of atmospheric oxygen in the sense 
of the reactions : 

2Pb + Ojj + 211 2 O = 2Pb(OH), 

2Pb(On)2 + 4IIC2II3O2 = 2Pb(CaH302)2 + 2IJ2O. 

Tin, which is not so oxidisable as lead, is not attacked by acetic 
acid. The great difference in behaviour between lead and tin towards 
water containing dissolved air must be attributed to the same cause. 

Lead reacts vigorously with fluorine, and with diminishing vigour 
towards the other halogens in turn. Finely divided lead, produced 
by heating lead tartrate out of contact with air, is pyrophoric. Ordinary 
lead in the air becomes coated with a film of the suboxide, PbgO, which 
is also formed as a grciy lilm on the surface of molten lead. By exposure 
to red heat, however, lead is converted into the monoxide, as in the 
process of cupellation. 

Boiling water is appreciably decomposed by granulated Icad,^ and 
lead monoxide is reduced by hydrogen ; thus the reaction is a reversible 
one proceeding to an equilibrium at a given temperature. Somewhat 
diluted nitric acid is the best solvent for lead, and the oxides of nitrogen 
evolved contain a larger proportion of nitric oxide than in the case 
of copper.2 The presence of much sulphuric acid modifies the inter- 
action of nitric acid and lead, causing reduction to nitrous acid ; and 
when dilute nitric acid is electrolysed with Ic^ad electrodes in presence 
of upwards of 40 per cent, of sulphuric acid, about 40 per cent, of the 
nitric acid is converted into hydroxylamine.® 

Concentrated sulphuric slowly attacks lead in the cold, and when 
the acid is heated a vigorous reaction sets in, with evolution of hydrogen, 
sulphur dioxide, and hydrogen sulphide. Sulphuric acid of density 
1-760 and upwards attacks the lead pans in which it is evaporated 
at a temperature of about 200° C. in sulphuric acid manufacture ; 
and the lead sulphate formed dissolves in the acid, whence it is precipi- 
tated on dilution. Pure lead is less affected than the impure metal, 
but the action varies with the nature of the impurity and the physical 
condition of the metal. ^ 

Composition and Uses of Commercial Lead. — Owing to the purifying 
treatment to which the metal is submitted, commercial lead attains 
a high degree of purity. The foreign metals generally present are 
copper, antimony, iron, zinc, and silver, with less frequently bismuth, 
and occasionally a minute trace of tin and arsenic. The total metallic 
impurity, however, rarely exceeds 0-1 per cent., and may fall below 
0-01 per cent. 

Lead was employed in olden times for making cisterns and coffins, 
and as a roofing material for important buildings, such as churches. 
At the present day it is likewise employed for the purposes included 
in the art of the plumber, in the form of sheets and in pipes for convey- 
ing water and gas. It is also used, on account of its power of resisting 
the action of acids, for the manufacture of chemical plant, such as 

^ Regnault, An?L Chim, Phys., 1836, [ii], 62 , 337 ; Stolba, J. prakt. Ohem,, 1866, 94 , 
113. 

* Highley, Amer, Ckem. J., 1895, 7 , 18. 

* Tafel, Zeitach. anorg. Chem., 1902, 31 , 289. 

* Hart, J, Soc, Chem, Ind,, 1907, 26 , 604. 
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sulphuric acid chambers. It has been found, however, that for this 
purpose ordinary lead is better than the purest metal. Further, lead 
is used in accumulators, for makin" solders, pewtcT, type-metal, etc., 
and when alloyed with arsenic, added in the form of white arsenic 
or arsenical dross, for the manufacture ot* shot. The arsenic in- 
creases the fluidity of the molten metal, as well as the tend('ncy 
of its drops to become spherical as they ]:)ass throu^di the air. Shot 
is made b^^ dropping the molU'ii metal through colanders pierced with 
holes, down a tower or well into water. The size of the shot 
depends not onl}^ on the size of the holes in the colander, but on 
Ihe initial temjxTature of the metal, and the h('ight through which 
the drops are made to fall. The shot is sorted by sieving, and by 
rolling down an inclined metal plane, the im))erfeci,ly shaped shot 
thus remaining on the iflane. Finally, the shot is polished with 
plumbago. 

ALLOYS OF LEAD 

The most important alloys of lead are those with tin, which have 
already been described under the latter ni(^ta.l. Numerous binary and 
ternary alloys of lead with other metals have, however, been prc'pared 
for purposes of metallograi)hic study. 

The following bibliography of the alloys of lead may prove useful 
to the reader ^ : 

BIBLIOGRAPHY OF ALLOYS OF LEAD 


Alloying Element 

liEFEliENCK 

Aluniinium 

rccheux, Compt. rend.^ 1904, 138 , 1042 ; 1000, 143 , 307. 
Gwyer, ZeiUnch. anonj. Chem,, 1908, 57 , 113. 

Antimony . • 

Gontermann, 1907, 55 , 419. 

^apoishnikoff and Ivancwsky, J. Russ. Fhys, Ghem. iSoc., 
1907,39,901. 

Howard, J. Amer. Chtm. Soc.y 1908, 30 , 378. 

Leroux, Compt. rend,. 1913, 156 , 1704. 

Antimony and arsenic 

Howard, J. Amer. Chem. 1908, 30 , 1789. 

Aracnic .... 

Eiicdrich, MctaUvnjie, 1900, 3 , 41. 

Ileike, Int. Zeilsvh. Jhtalloyrfqthic, 1914, 6, 49. 

Bismuth .... 

Litlle and Cuhen, A nalyst^ 1910, 35 , 301. 

Bismuth and cadmium 

Barlow, J. Amer. Chon. Soc., 1910, 32 , 1390. 

Cadmium an<l zinc . 

Novak, Zeitsch. amnry. Chem., 1905, 47 , 421. 

Janecke, Zeiisch. physical. Chem., 1910, 73 , 328. 

Cadmium and mercury 

Calcium .... 

Hacksi>ill, Vompi. rend., 1906, 143 , 227. 

Bonski, ZeitscJi. ammj. Chem., 1908, 57 , 185. 

Baar, ibid., 1911, 70 , 352. 

Cobalt . • • * 

Ducclliez, Bull. Soc. chim., 1908, [iv.], 3 , 621. 

Lewkouja, Zeitsch. anorg. Chem., 1908, 59 , 293. 

Copper .... 

Norton and Gillett, J. Physical. Chem., 1914, 18 , 70. 

Copper and nickel 

X^arravano and Mazzetti, Gazzetta, 1914, 44 , ii, 375. 

Copper and silver 

Friedrich and Leroux, Metnllurgie, 1907, 4 , 293. 

Copper and zinc 

Parravano, Mazzetti, and Moretti, Gazzetta, 1014, 44 , 

U, 475. 

Gold 

Vogel, Zeitsch. anorg. Chem., 1905, 45 , 11. 


^ For references to alloys of lead alloys containing tin, sec p. 340. Lead amalganusi 
are dealt with by Fay and North, Amer. CAem. 1901, 25 , 210, 
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Alloyin(; Klkment 

Referkncj!: 

Indium .... 

Kurnakoff and Puschin, J.Rush. Phys, Chcru.Soc.y 1906, 
38,1146. 

Magnesium 

Crubo, Zcilsch. anorg. Chr.nL, 1905, 44 , 117. 

Kuniakoff and Stepanofl, ihid., 1905, 46 , 177. 

Stepanoll, ihiA., 190S, 60 , 209. 

Manganese 

William.s, ibid., 1907, 55 , 1. 

Richarfls and (larrod- Thomas, Zeitsch. physikal. Chem., 
1910, 72 , 105. 

Mercury .... 

Nickel .... 

Portevin, lito. Melallnrgie, 1907, 4 , 814 

Vos.s Zeitsch. an/>rg. (die in., 1908, 57 , 3-1. 

I’alladium 

Ruer, ibid., 1907, 52 , 315. 

Puschin and Pashsk 3 ', ./. Buss. Phys. Chem. Soc., 1908, 
40 , 820. 

' Hoorinckel, Zeitsch. anorg. Chem., 1907, 54 , 333. 

PuBc.bin and La-Mclitschonko, ibid., 1909, 62 , 34. 

Platinum 

Potassium 

Smith, ibid., 1907, 56 , 109. 

Silicon .... 

Tainaru, ibid., 1909, 61 , 40. 

Silver .... 

Fri(idri(!li and Puclita, Metallurgie, 1906, 3 , 390. 

I’ctrenko, Zeitsch. anorg. Chem., 1907, 53 , 200. 

Moiysan and Watanabc, Oovipt, rend., 1907, 144 , 16. 

Silver and zinc . 

Krcmann and Uofiiicior, Momitsh., 1911, 32 , 697. 
Rogitch, Comjti. rend., 1914, 159 , 178. 

Sodium .... 

Mathowson, Zeitsch. anorg. Chem., 1900, 50 , 171. 

Tollurium 

Pay and Gillaon, Amer. Vhe.m. »/., 1902, 27 , 81. 

Thallium 

Zeitsch. anorg. Chem., 1007, 52 , 452. 

Kurnakoff and Puschin, J. Buss. Phys. Chem. Soc., 1906, 
38 , 1146. 


Physiological Action of Leadi Lead compounds are poisonous, 

especially when solubl(.‘. Lead-poisoning is cumulative, that is to say 
successive minute quantities, which separately might be innocuous, 
produce serious or fatal effects after a time, owing to their accumula- 
tion in the body. Indeed, a single large dose of a lead compound is 
less dangerous than rejjeated small doses, and seldom proves fatal. 
Chronic lead -poisoning may result from the drinking of water containing 
lead derived from the pipes in which the water has been conveyed ; 
or from the continued handling of lead compounds, such as white 
lead. Those engaged in the manufacture of these compounds may 
be affected, as well as those who use them, especially painters, and 
pottery workers employing white lead for glazing purposes. 

The symptoms of lead-poisoning are general ill-health with loss of 
appetite, interference with digestion, accompanied by abdominal pains 
(painters’ colic), constipation, nervous j>rostration, epileptic fits, local 
paralysis, especially of the wrists, known as “ dropped- wrist,” followed 
by general paralysis and death. Signs of such poisoning are seen in 
the blue line which appears at the edges of the gums, owing to the 
deposition there of lead sulphide. Occasionally also the teeth turn 
black, and the skin assumes a jaundiced hue.. The lead is distributed 
in various parts of the body, and is partially excreted by the kidneys. 
Potassium iodide is said to aid this elimination. 

Action of Water on Lead.— Oji account of the employment of 
metallic lead for the lining of cisterns and construction of pipes for 
storing and conveying potable water, the action of such water upon 
lead is of great importance, and has been fully investigated. 
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Pure water from which air is excluded is practically without action 
on lead at ordinary temperatures, since lead was found in such water 
only to the extent of 0*3 part per million.^ 

The action of water and oxygen on carefully purified lead has been 
examined by Lambert and Cullis.^ The distilled metal was sub- 
mitted to the action of pure water with and without the addition of 
pure oxygen. The action of jnire water on the fresh surface of the 
metal was inappreciable, but on the addition of purcj oxygen very 
rapid corrosion took place, with the formation first of hydrated plumbous 
oxide, Pb20.2H20, and then the ordinary white crystalline lead 
hydroxide. When the pure, distilled metal has been kept for some 
months it becomes much less oxidisable, so that it may he expost'd 
to ordinary air for many diiys without any ai)preciable loss of its 
brilliant lustre. Tliis difference in oxidisability between the rt^cently 
and earlier distilled metal is attri])uted by Lambert and Cullis to 
allotropy, a metastable, more active form of the metal b(‘ing first 
produced when tluj vapour eond(ais(^s. 

The allotropy of h ad also serves to account for the action of water 
and oxygen on thci metal, which, according to Lambert and Cullis, 
originates in electrical action due to difference's of potential bc'tween 
different parts ; for in the purified metal such differences must neces- 
sarily be attributed to physical and not chemical heterogcau ity. Thus 
pure ’water is supposcxl to initiate action on pure h ad, with tlu^ separa- 
tion of hydrogen, and the formation of ])lumbous ions in solution ; 
but this action is (piitc inapjmtciable until oxygen is add(*d to oxidise 
and remove the hydrogen which offers an enormous resistance to the 
))assagc of the current. 

Hydrogen peroxide, which is formed during the wc't oxidation of 
lead,2 is said by Lamb<‘rt and Cullis to be the product of subsidiary^ 
action, and to have no dinict bearing on the process of corrosion. It 
is responsible, however, for oxidising lead monoxide to th(^ higher oxides. 

Water containing only dissolved oxygen acts more readily upon 
lead than water containing only dissolved carbon dioxide. This 
confirms the conclusion that the first action on lead of water containing 
dissolved air is one* of oxidation, so that lead hydroxide is formed and 
passes into solution. Water containing carbon dioxide' dissolved uiuh'r 
pressure dissolve's, however, large quautities of load.^ Lead hydroxide 
in solution siibseqiu'ntly reacts with carbon dioxide derived from the 
air with the formation and precipitation of a basic carbonate of the 
composition 2PbC03.Pb(0H)2. 

The effect of various salts, present to the extent of 0*2 gram per 
litre, upon the solvent action of water on lead, was examined by 
Muir,^ who placed them in the following order according to their action 
on the metal : ammonium nitrate, calcium chloride, ammonium 
sulphate, potassium nitrate, potassium carbonate' ; he also found that 
the solvent action was always the gn'aicT the more considerable the 
exposure to air. This difference is due to the different solubilities of 
basic lead carbonate in dilute solutions of these salts. 

* Oowes, Proc. Chew, Soc.^ 1902, i8, 46. 

* Lambert and Cullis, Trans. Chem. Soe.., 1915, 107, 210. 

® Traube, Zeitsch. physikal. Chtm.^ 1900, 32, 137 ; Dimstan, Trans. Ghmi. Soc., 1911, 
zoo, 1835. 

* Muir, J, Chem. Soc., 1877, i, 660 ; see also Traube-Mengarini and Scala, Aiti R. 
Accad. Idncei, [v], 18, ii. 111 ; and Heap, J. Soc. Chem. Jnd., 1913, 32, 771, 811, 847. 
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Whilst ammonium nitrate in solution appears to exert on lead the 
greatest solvent action of any known salt, other nitrates show no 
considerable action, and sulphates, phosphates, carbonates, and silicates 
actually retard the solvent action of water. This is well shown when 
clean sheets of lead are iininersed in ordinary distilled water and in 
tap water, contained in stoppered bottles, and allowed to stand side 
by side for some months. After some time the distilled water will 
contain basic carbonate in suspension, while the tap water will be clear, 
because in this case the action has been stopped by the formation of 
a protective crust of the salt on the surface of the lead. 

The inhibitive action of chalk, sand, and old mortar on the corrosion 
of lead by water has long been recognised ^ ; and it appears that the 
presence of 0-5 grain of dissolved silica per gallon is sullicient to render 
the water lead-])roof. It has beiai found that the best w^ay to prevent 
water from attacking lead is to bring it into contact with a mixture 
of Hints and limestone. According to Carnelley and Frew,^ this is 
owing to the formation of calcium silicate in solution. Water contain- 
ing carbon dioxide dissolved under pressure dissolves considerable 
qiiantit es of lead^; peaty waters, containing in solution organic acids, 
such as ulniic and humic acids, corrode lead ; and free lime is partieu- 
larly active in this respect. Indeed, it is known to plumbers that 
lead pipes laid in contact with new mortar are liable to corrosion. 
When water is to be tested for minute quantities of lead it must not 
be liJtered through paper, wdiich adsorbs the lead salts so that only 
a small proportion of them is found in the liltrate. 

From a consideration of the kinds of impurity which cause water 
to dissolve lead, it will appear that a good potable watc'r containing 
both temporary and pcirmanent hardness in moderate amount, only a 
little nitrate, and no appreciable quantity of ammonium salt, has little 
or no effect upon lead ; and, therefore, that such water may be safely 
conveyed in lead pipes. 

Decay of Objects made of Lead. — Ancient lead objects kept in 
museums sometimes crumble to a line powder, which consists essentially 
of lead carbonate, but also always contains chlorides. It was shown 
by Matignon ^ that a piece of lead which had been dipped in a 80 per 
cent, solution of s(!a salt, and then dried so as to become coated with 
salt crystals, underwent progressive destruction over a period of three 
years ; but that a similar piece of lead which had not been so treated 
showed no destruction. Consequently it is believed that the following 
cycle of reactions takes place : 

2NaCl + Pb + O + CO 2 - NagCOa + PbClg = PbCOg + 2NaCl. 
ATOMIC WEIGHT OF LEAD 

In his list of atomic weights Dalton attributed to lead the value 
95 ; this is really the equivalent referred to O = 7. Berzelius,^ in 
1811, took into account the three oxides of lead : litharge, red lead, 
and the peroxide ; but since at tliis time no independent guiding principle 

^ lieport on the Action of Water on Lead mad© to the Water Committee of the Corpora- 
tion of Huddersfield in 1886. 

^ Carnelley and Frew, J. Soc. Chem, InA,, 1888, vii, 15. 

* Muir, J. Chem. Soc., 1877, 31 , 660. 

* Matignon, Compt rend., 1912, 154 , 1609. 

* Berzelius, Oilberfe Annalenf 1811, 37 , 252. 
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was known whereby to fix the magnitude of an atomic weight, no 
just conclusion could be drawn from the analysis of these compounds. 

Berzelius was then of the opinion that the atomic weight of lead 
is 414, attributing to htliarge ih(' formula PbOj,. In 18*20, howcvcT, 
on account of the geiUTalisations of Diilong and Petit and Mitscherlich, 
he halved this value, and wrote. Pb =- 207 ; nevertheless Gmeliii, in 
the same year, because of the confusion in which fiindannaital princi})lcs 
were involved at tliat period, reduced the atomic weight to an equivalent, 
and adopted the round figure Pb 104-00. 

That the atomic weight of lead is approximately 207 is shown by 
the following facts : 

(i) The specific heat of lead betwetai 18° C. and 100° C. is 0-031 
(Magnus). Assuming, according to Dulong and Petit’s law, a mean 
atomic heat of 6-4, the atomic weight is about 207. 

(ii) MitscherlieJi’s law of isomorphism j)rovides additional confirma- 

tion of this magnitude ; for lead salts arc isomorplious with (iorrespond- 
ing salts of the alkaline earth metals, and the* complex fluorides 
KgHPbF 8 and KpIlSnFg, as well as the complex chlorides MgPbClfi 
and isomorplious. 

(hi) Lastly, lead occuf)ies an aj)propriate position in the Periodic 
Table, in which it has been ])laced on account of its atomic weight 
being 207. 

Analytical determinations of the atomic we ight of lead were made 
by Berzelius,^ Turner , 2 Anderson and Svanberg,''^ Marignac,^ Dumas,® 
Stas,® Betts and Kern,^ Baxter and Wilson.® Baxter and Thorvaldson,® 
and Baxter and Grover.^® 

The experiments of Marignac were made upon l(?ad chloride with 
the purpose; of checking the atomic weight of chlorine. Two s(‘ts of 
gravimetric estimations were carried out in 1846 in which (a) lead was 
heated in an atmosphere of chlorine and was thus converted into the 
chloride, the ratio found being 

Pb : PbCl.^ 100 : 134-201 
whence Pb = 207-34. 

(h) Lead chloride was dissolved in water and the chloj ine precipitated 
by silver nitrate. The ratio found was 

PbClg : 2AgCl =- 100 ; 103-21 

whence Pb = 206-84. 

In 1859 Durnas obtained the ratio 

PbCla : 2Ag = 128-750 : 100 

whence Pb = 206-88. 

The determination of the atomic weight of lead was included in 

^ Berzelius, Lehrbuch, 5 Aufl. 3 Bd., 1197, also 1187 and 1218. 

® Turner, Phil Tram., 1833, 527- 538. 

® Anderson and Svanberg, Ann. Chim. Phya., 1843, fiii], 9 , 2.54 ; J. ptald. Ckem., 1843, 
27 , 381. 

^ Marignac, (Ewrras ComplMm, 1840, i, 186. 

® Dumas, Ann, Chim. Phys., 1859, fiii], 55 , 129, 

® Stas, QJmrea Computes, 1800, i, 383. 

’ Betts and Kem, Trans. Amer. Eleclrochem. Soc., 1904, 6 , 67- 

* Baxter and Wilson, J. Amer. Chem. Soc., 1908, 30 , 187. 

» Baxter and Thorvaldsen, J. Amer. Chem. Soc., 1915, 37 , 1020. 

Baxter and Grover, J. Amer. Chem. Soc., 1916, 37 , 1027. 

^ For these and the succeeding values given for the atomic weight of lead the antecedent 
data are : O 16 000 ; Cl 35-457 ; Ag = 107*880 ; S ^ 32 006. 



882 CARBON AND ITS ALLIES 

t]i(? classical researches of Stas. The work, which was published in 
18(j0, comprisc‘(l the conversion of pure lend into nitrate and sulphate 
r(‘S[)eeliv(‘ly, the following results being obtaiiuid : 

(a) Th(‘ lead nitrate was ignited in a current of drj^ air at 140° C. 
to 100 ° C. 

Pb : 2 NO 3 100 : 59-9704 

whence Pb — 200-79. 

(b) The lead uiiTatc was ignited in vacuo at 155° C. 

Pb : 2 NO 3 = 100 : 59-9045 

whence Pb 200-81. 

(c) With lead sul])hate the following ratio was determined : 

Pb : SO 4 = 100 : 40*4275 

whencK* Pb == 200-91. 

Belts and Kern determined, by an ekictrochemical method, the 
ratio 

2 Ag : Pb == 100 : 95-814 

whence Pb == 200*73. 

Tile, abovx' results are usually considered to be slightly too low for 
ordinary lead (vide infra, p. 383) and have been discarded in favour 
of the more accurate work of Baxter and Wilson. These investigators 
adopted a na-thod similar to that of Marignac; the amount of silver, 
in the form of nitrate, n^quired to precipitate completely a knowm 
weight of lead chloride was determined, as well as the weight of silver 
chloride produced. Special care was taken in the preparation of th(i lead 
chloride, wdiieh was made in different ways and rccrystalliscd several 
times from hydrochloric acid solution in platinum vessels ; and the 
specimens employed were.- rc-quirc^d not to darken whtn heat('d in a 
stream of hydrogen chloriile, and to form a clear solution in water 
after ignition. The ratios PbClg : 2 Ag and PbCl 2 : 2 AgCl were deter- 
mined, the fornu-r as the mean of nine, the latter as tlie mean of six 
experiments. The (md point of the titration in the forme r experiments 
was determined by the use of the ncphelomctcr.^ The following results 
were detained ; 

(a) PbClg : 2 Ag = 128*8478 : 100 
whence Pb = 207*089. 

(b) PbClg : 2 AgCl = 96*9783 : 100 
whence Pb = 207*097. 

The m(?an value of the two sets of experiments is Pb == 207*093. 

Subsequently Baxter and Thorvaldson carried out similar experi- 
ments with lead bromide prepared by precipitating lead nitrate solution 
with hydrobromic acid, and recrystallising the salt by dissolving it in 
hot concentrated hydrobromic acid, precipitating with water and drying 
it in a current of nitrogen and hydrogen bromide. 

The two ratios PbBrg : 2Ag and PbBrg : 2AgBr were determined, 
and in each case the average w^as 

Pb = 207-19. 

In view of the discrepancy between the value Pb = 207*09 obtained 
from lead chloride by Baxter and Wilson and the value Pb — 207*19 
obtained as above from the bromide, Baxter and Grover collected 
normal lead from various geographical and mincralogical sources, 

> Greek v€(t>^\r), a cloud. 8ee this series, vol. i, p. 246. 
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purified it, and determined its atomic wt^ight both by the bromide 
and the chJoridc mc'thod with tht* foJ lowing results ; 

PbPrg : 2Ag Pb -- 207-20 

Pb 151-2 : 2AgBr Pb 207-18 

PbClg : 2Ag Pb 207-21 

PbClg : 2AgCI Pb 207-22 

The mean value is Pb ~ 207*20 ; wIktc Ag = 107*880, Br = 
79-916, Cl = 85*457. 

In consequence of these rc-sults the valu(' Pb 207*20 has been 
adopted bj^ tlie International Committee on Atomic Wt-ights since- 1016. 

The Atomic Weight of Lead from Radioactive Sources,- — Until the 
development of the science of radioactivity the ich-a that the atomic 
weight of an “ element ” might vary according to its source had not 
cnt(Ted the minds of chemists. If, however, the same “ element ” 
should be the final disintegration product of t%vo other eh-rnents of 
different atomic wt iglits, which have passed through di ffered it stagt\s 
of disintegration with loss of a- and p-partiek-s, the linal “ (‘lenient ’* 
miglit exist in tivo isotopic forms, chemically indistinguishable, but 
diflering from each othcT by several units of atomic weight. 

Now Soddy and Hyman ^ have found that Ci-ylon thorite contains 
0*39 per cent, of lead monoxide, whose lead is beli(!Ved to be derived 
from thc' thorium in the miiKTal by radioactive changt-. Morcioi er, it 
has been calculated that the kiad isotope derived from thorium should 
have an atomic weight of 208-4, since tint thorium atom, of atomic 
weight 232-4, loss's six he lium atoms, of atomic weight 4, in the course 
of radioactive change*. This is distinctly greatc-r than the atomic 
wx'ight of ordinary lead, Pb 207*2. 

Soddy and Hyman determincxl the atomic we ight of thorite lead 
by the method of Baxter and Wilson, and found the values 208*5 
and 208*8, with a mean value 208*4, which agrees with that indicated 
by the facts of radioactivity. 

Equally striking w(*re the results obtained by Richards and Lcm- 
b(irt,2 who, after (confirming the accuracy of the value Pb — 207*1, as 
recognised by the International Atomic Weeights Committee (1015), 


determined the atomic w’^eighls of lead obtained from a variety of 
radioactive minerals, with the following results : 

Lead from Noi*th Carolina uraninite . , 206*40 

,, ,, Joachimsthal pitchblende . . 206*57 

,, ,, Colorado carnotitc . . . 200-59 

„ ,, CeyloiKcse thorianite . . . 200*82 

,, English pitchblende . . . 206-86 

Maurice Curie ^ has also obtained a somewhat analogous series of 
results with lead obtained from a variety of radioactive minerals, but 
unfortunately the sources of these are not specified. 

Lead from carru^titc ..... 200-86 

,, ,, yttro-tantalite .... 206*54 

„ „ pitchblende ..... 206*64 

,, ,, monazite ..... 207*08 

„ „ galena ..... 207*01 

' Soddy and Hyman, Tram. Chem. Son., 1914, 105, 1402. 


* Richards and Lcmbert, .7. Amer. Chem. Son., 1914, 36, 1329. See also this sorics, 
vol. i, p. 292. 

» M. Curie, Com.pt. rend.^ 1914, 158, 167H. 
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Honigschmid and Mile. St. Horovit?; ^ found the value 20G-786 as 
the mean of nine determinations of tht^ atomic weight of purified lead 
that had been ol>ta,incd from pitchblende ; and, subscqiu'ntly, by 
employing 20 kilos of selected purest Joachimsthal pitchblende, and 
also pure reagents, found the atomic weight of uranium-lead to be 
206-405. Still more remarkable is the value 20G-0iG + 0*014 obtained 
by Marckwald from a uranium ore occurring in an old primary 
geological formation in Morogoro, East Africa; and with this must 
be placed the value 20G-0G3 ± 0-008 determined by Honigschmid 
and Mile. Ilorovitz ^ in a sample of brdggeritc from Moos, Norway, 
whilst the atomic weight of common lead determined in the same way 
was found to be 207-180 + O-OOG. The arc and spark spectra of the 
two leads were, however, absolutely identical.® 

It has been pointed out by Soddy^ that whilst the atomic weight 
of lead from thorium mine rals should he greater than that of ordinary 
lead — viz. 232*4 —6 x 4 — 208*4 — -the atomic W(?ight of lead from 
uranium mimTals should be less — viz. 238*2 — 8 X 4 — 206*2; that the 
extreme values found for the atomic weiglit of lead from these sources 
ar(' 207*77 and 206*08 respectively ; and that the densitit s of these two 
products are 11*376 and 11*273 respectively, the atomic volume of h ad 
being the same whatever its source. 

These arc the first occasions in which the atomic weight of an 
clement has been found to vary with its geographical source, and 
further researches along thcsci lin(‘s will be awaited with inten'st. 

The results clearly confirm the vic^ws of Russell,^ Fajans,® and 
Soddy ’ on the significance of radioactive change in refercuicc to the 
Periodic Sj^stem. 


COMPOUNDS OF LEAD 

Lead forms two well-defined classes of compounds derivcid respec- 
tively from the bivalent ion Pb**, and the quadrivalent ion Pb*”‘. In 
addition to these compounds there is the suboxide PbgO, which appears 
to be a representative of univalent lead. There is evidence, moreover, 
of the existence of univalent J(‘ad ions in solution ; for it has been 
shown by Denham and Allmand ® that a solution of lead acetate, 
heated with lead, forms a subacetatc with the absorrition of heat, 
thus ; 

Pb * + Pb > 2Pb*, 

and that a piece of lead in a solution of lead acetate which is 
maintained at two diffin'ent temperatures forms a thermo-cell, the 
current flowing from the hot solution to the cold, and causing the 
deposition of traces of spongy lead at the cold end of the column 
of lead. The anomalous behaviour of the hydrogen electrode in 
solutions of lead salts is attributable to the reduction of the bivalent 

‘ Honigschmid and Mile. Horovitz, Compt, rend., 1914, 158, 1796. 

* Hdnigsohraid and Mile. Horovitz, Monatsh., 1915, 36, 366. 

* See also Merton, Proc. Hoy. Soc., 1916, A, 91, 198. 

< Soddy, Nature, 1917, 98, 469. 

® A. S. Russell, Ghem. News, 1913, 107, 49. 

« Fajans, Phijsikd. Zeitsch., 1913, 14, 131, 136; Ber., 1913, 46, 422; Ber, devJt. 
physikal. Ges., 1913, 15, 240; Le Podium, 1913, 10, 171. 

’ Soddy, Chem. News, 1913, 107, 97 ; Jahrb. Radioaktiv Elektronik, 1913, lo, 188. 

* Benliam and Allmand, Trans. Ghem. Soc,, 1908, 93, 424. 
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lead ion to a univalent ion, just as the diserepaney obstT\ t)d in copper and 
silver voltameters is due to the formation of subsalts of these two metals. 
The following are the chief Cfjm])ounds of lead : 


(TIIKF ( OMPOUNOS OF LEAD 



1 Uni- 
valent. 

Bivalent. 

Quadrivalent. 

Alkyls 


__ 

i*i>((Mi»),,,- rb{c;,H„)., ftc. 

Fluorides 

— 

PbFo. 

I’bF,; K,HPbJ<V 

Chlorides 

— 

PbC/Lj ; double and basic 

I'bCJ, ; (NH^)2PbCl„, ntc. 



salts. 

Cldorifce ; chlo- 


PbCCKMa; PIKCIO^L; 



rat.e ; per- 

chlorate 


i>b(U)o,),, 


Bromides 


PbBi'g ; double UTid basic 




salts. 

Bromate . 


Pb(Br( 



Iodides . 

— 

Pbig ; double and basic 

(Ci,H 7 NH) 2 pbT,,. 



salts. 

lodate ; per- 


I^b(l03)2 ; several 

— 

iodattjs 


periodates. 


Oxides 

P 1).,0 

Pbo. 

i’bOa. 

Hydroxides 


Pb( 0>«)2 

lUPbO,; H,[l>b(OH)„J 

Salts 

— 

llPbOONa in solution. 

PbJn)03; K.2pb03; 
Pb2Jn)04; Ca..Pb 6 ^. 

Sulphide . 

— 

PbS, siilphobalides, poly- 

— 



sulphide. 


Sulphite . 

— 

PbSO^. 


Sulphates 

— 

PbS04, various basic salts. 

Pb(S 04 ) 2 . 

rersulj)liatc 

— 

PbSgOg. 

Thiosulphate . 

— 

PbSoO.,. 

— 

Dithionato 


PbSaOe. 

— 

Seicnido ; sele- 
nite ; selciiatii 
Telluridc ; tellu- 


Pb 8 e ; Pb.SeO., ; l*bSe04. 

PbTc; PbTeOs; PbTe04(?) 


rite ; tell urate 



Azide ; iinide . 

— 

Pb(N.,) 2 ; PbNTT. 

— 

IJ yponitrito, ni- 


Pb(N0)2 ; Pb(N0.2).,, basic 

— 

trite 


salt.s. 


Nitrate 

— 

Pb(N03)2 ; basic salts. 

— 

Phosphide ; hy- 

— 

PbPg; rb(B,VO,},; 

— 

po phosphiUf ; 
phosphite 


PbHPOa. 


Phosphates 

— 

}*b3(P04)2 ; acid, basic and 

— 


double salts ; Pb2P207 ; 




Pb 2 P 40 , 2 . 


Arsenito ; arse 

— 

Pb 3 (As 03 ) 2 ; Pb3As04; 

— 

nates . 


Pb2A8.,07. 


Metantiinonato. 

— 

Pb(Sb 03 );. 9 H 20 . 

— 

Carbonate 

— 

PbCOa ; 2PbC03.Pb(0Il)2 ; 

— 



other basic salts 


Formate . 

— 

Pb(CH 0 . 2 ) 2 . 

— 

Acetate, etc. 

— 

Pb(CaH302)2.3H20 ; basic 

Pb((\,H30.,)4 ; other organic 



and complex salts. 

sails. 

Oxalate . 

— 

PbC204. 

— 

I’artrate . 

— 

Pb 04 H 40 e. 

— 

Silicates . 

— 

Pb2Si04 ; rbSiOg, etc.. 

— 

Borate 

— 

Pb(B02)2, etc. 

— 

Chromates 

— 

PbCr04 ; PbCrgO, ; basic 

«... 



salts. 



2b 
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T.EAD ALKYLS 

Lead, like tin, forms no iiydride. It resembles the other metals 
of Subgroup B in forming volatile alkyls in which the metal is 
quadrivah^nt. The formation of these compounds by the interaction 
of zinc alkyls tind lead dichloride with the separation of metallic k‘ad 
emphasises the non-existence of lead dialkyls. 

Lead Tetramethyl {T'etra7net}dde\ Pb(Cll 3 ) 4 , formed ^ from lead 
chloride and zinc methyl thus : 

2 PbCl 2 + 2 Zn(CIl 3)2 = Pb(Cll 3)4 + 2 ZnCl 2 + Pb, 

or from lead-sodium alloy and methyl iodide, is a liquid boiling at 
110 ° C. and having a density of 2 031 at 0 ° C. The halides Pb(CH 3 ) 3 Cl, 
Pb(Cll 3 ) 3 Br, Pb(CH 3 ) 3 l result from action of the corresponding halogens 
on the tetramethyl, and are crystalliiui solids easilj^ soluble in alcohol. 

Lead Tetraethyl [Tetraethide), Pb(CoH 5 ) 4 , is obtained from lead 
chloride and zinc meth}^,^ or by ineajjs of the Grignard reaction,^ 
thus : 

2 P])Cl 2 -f 4 C 2 II 3 Mgl Vh{C^\l,)^ + Pb + 4MgClI. 

This compound is a liquid which cannot be distilh^d under ordinary 
pressure without decomposition, but boils at 152° C. under 190 mm. 
pressure. It has a density of 1-62. The lowcTing of fret^zing-point 
of ethylene bromide by h^ad tetraethyl has been determined by Gliira.^ 

The chloride ^ Pb(C 2 H 5 ) 3 Cl, formed by the action of hydrogen 
chloride on the tc‘traethyJ, crystallises in ne(?dlcs ; and the iodide 
results from tin* action of iodine on the same compound, and of mag- 
nesium cthyliodidc on lead chloride.^ These halides are salts, derived 
from the base ® Pb(C 2 ll 6 ) 30 H, wliich is formed by treating the iodide 
with moist silver oxide or distilling th(i chloride with potash. This 
base crystallises in needles, which are slightly soluble in water, have 
a strongly alkaline reaction, absorb carbon dioxide from ^le air, and 
combine with acids to form crystalline salts ; e.g, the sulphate 
[Pb(C 2 ll 5 ) 3 ] 2 ^D 4 , which is slightly soluble in water. 

Lead Triethyl, Pb 2 (C 2 Tl 5 )o, described by Lowig and by Klippel,® 
probably does not exist.^‘ 

Lead Tetraphenyl, Pb(C 3 H 5 ) 4 , is formed by heating brombenzene, 
in ethylacetate solution, with h'ad-sodium alloy, ^ or by the Grignard 
reaction, 3 i,e* by the action of lead chloride on an ethereal solution of 
magnesium j3henyl bromide. This reaction serves to separate lead 
from radium-1). ® Lead tetraphc^nyl crystallises in needles which melt 
at 224°-225° C., and is converbxl by boiling nitric acid into lead 
diphenyl nitrate, (C 3 li 6 ) 2 Pb(N 03 ) 2 , Avhence other salts can be prepared. 

^ Cahoura, Ann. Chim., 1862, 122, 07 ; Jahresber., 1801, 552. 

* Buckfcon, Ann. Chim., 1859, 112, 226; Frankland and La\Franco, Trans. Chem. Soc., 
1879, 35, 245. 

® Pfeiffer and Truskier, Ber., 1904, 37, 1125. 

« Ghira, Oazzella, 1894, 24, i, 309. 

^ Lowig, Ann. Chirn., 1853, 88, 318 ; Klippel, Jakresber., 1860, 380. 

^ Ghira, Gazzetla, 1894, 24, i, 42. 

’ Polis, Ber., 1887, 20, 717, 3331 ; Wemor and Pfeiffer, Zeitsch. anorg. Chem,t 1898, 

17, 100. 

® Hofmann and Wolfl, Ber., 1907, 40, 2425. 
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Lead tetra-p-tolyl and tlu* corresponding di-p-tolyl salts also exist.* 
Lead Ethonde,^ PbCOCJIg).,, is obtained uhi'n lead in thin sheets 
is suspended over absolute ethyl alcoliol thronf.^di which ozone is passed. 
After washing with alcohol, and drying over snlphiirie acid i)i vacuo, 
it forms a liglit ye]lo^v powdra*, which is solubh; in walt'r. but is ri'adily 
hydrolysed. Seve ral other lead alkyloxid(*s have been prej)ared.*‘^ 


LEAD AND THE HALOGENS 

Lead Fluorides --lacud forms a di- and a tetra-fluoridc, and the 
latter gives rise to complex salts. 

Lead Fluoride, EbEg? obtaiiu d as a white solid by the action of 
aqueous hydi'ofluoric a,cid on litharges or lead carbonate, or by prt'cipitat- 
ing the solution of a lead salt wdth a soluble* lluoride. The heat of 
formation of this com})oimd by the reaction rb(01I)2 -j- 211E (gas) is 
48,(i()() calori<;s^; it is e asily fused to a ydlow liipiid, and has a density 
of 8*241. It is almost insoluble in wate r and aqiu^ous hydrolluoric 
acid, but easily dissolves in hydrochloric arid nitric acids. Its solubility 
in water at 18*^ C. has bt;en deduced by Kohlrauseh ^ from the con- 
ductivity of its saturated solution. The. sixeilic conductivity of the 
salt is 481, and 1 litn^ of a saturated solution contains 640 milligrams. 
Although an aqueous solution of lead (hioride shows little evidence of 
hydrolysis, the solid salt is hydrolysed by water- va})our into hydro- 
fluoric acid and a basic salt.® 

A chlorojluoride of lead, PbFCl or PbFg.PbClg, was prepared by 
Berzelius by precijiitating a solution of sodium fluoride with lead 
chloride. It may also bc^ obtaiiK'd from had fluoride and ammonium 
chloride,’ and crystallis(is in quadratic plates. It is slightly soluble 
in water without decomposition. Various double salts of l(*ad fluoride 
with other halides of the same metal have been })rcpared by Sundonnini.® 

Lead Tetrafluoride, PbF 4 , w-as pr(‘])ared by Ih'auiu r,® in an impure 
state, by adding ))otassium hydrogen pi umi)i fluoride, KgllPbFg, to 
cold concentrated sul})huric acid. Hydrogen fluoride gas escapes, 
wdxilst a yi'llow solution is formed, and thc‘n a j^enctrating vapour is 
evolved which is thought to be lead tetra fluoride. (Gradually, howx^ver, 
the liquid becomes gelatinous, and then probably contains the tetra- 
fluoridc in a colloidal state; whilst heating it to 10()‘"-110'^ C. causes 
a yellow powder to separatt*, which is belie V(‘d to be a third modification 
of the tctrafliioridc, since it liberates iodine from potassium iodidxi 
solution, gives lead dioxide with water, and dissolves in hydrofluoric 
acid forming hydrofluoplumbic acid. 

Hydrofluoplumbic Acid, IT 4 PbFg, is probably formed in solution 
wdien lead tetra-acetatc is dissolved in concentrated hydrofluoric acid. 
When this solution is evaporated, lead dioxide separates (Brauner). 

The potassium salt KgHPbFg was prepared by Brauner ® by acting 

^ Polls, Ber., 1888, 2i, 3425. 

^ F. M. Perkin, Proc. Chrm. Sor.., 1908, 179. 

® Chablay, Compt. rend., 1911, 153, 953. 

* Guntz, Ann. Ohim. Phys., 1884, fiv], 3, 41. 

® Kohlrauseh, Zeitsch. physihal. Chem., 1904, 50, 366. 

• Kohlrauseh, ibid., 1908, 64, 129. 

^ Fonzes-Diacon, Bull. Boc. ckim., 1897, [iiij, 17, 346. 

* Sandonnini, AUi B. Accad. Lincet, 1911, [v], 20, i, 172, 253. 

• Brauner, Trans. Chem. 80 c., 1894, 65, 393. 
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oil freslily prc-cipitatod oxide PbgO-.SlIaO with a solution of 
jiotassiuni Iiytirt)g(‘n lliiorid(‘ in aqueous hydrolluoric acid, by fusing 
togetlu r lead dioxide and })otassiii?ri lliioridi* n.nd mixing liydroiluoric 
acid willi the product, and by bringing togctlier lead tclra-acctat(^ 
))(>tassium hydrogen duoride and hydrolluoric acid. The solution 
obtained in either of tlicse ways is cv^aporat(,‘d in a vacuum desiccator, 
when inonoclinic needles of the required salt are obtained. These arc 
isomorjihous with the corresponding tin salt KgHSiiFg. The salt is 
stnbie in (Iry air,^ but is decomposed by water with separation of 
hydrogen fluoride, thus : 

KgllPbFg + 2 II 2 O - 3KF + PbOg + 5ITF. 

At 230° C. hydrogen fluoride is evolved, and at a higlu'r temperature 
fluorine, thus : 

K.IIPbFg — ^ KgPbF, 3TCF + + F^. 

It is nobuvorthy that this reaction furnishes a chemical method of 
pr(‘])aring fluorine. 

Lead Chlorides, Lc^ad forms a di- and a t(dra-chlorid(‘, and each 

of these forms doubh' or eom]>lex salts. 

Lead Chloride, PbClg, occurs as lh(‘ somewhat rare mineral coUinniic, 
which is of volcanic origin, and has b(*eii found in tlu^ crater and lava 
of Vesuvius. It was known to Dioscorides that yellow oxide of lead 
turns white when placed in warm water with common salt. 

L(iad chloride; may Ik; obiained in various ways. Chlorine slowly 
attacks lead, forming the cliloride; th(‘ metal dissolves in dilute hydro- 
(diloric acid in })resence of air, but in the strong acid, with evohition 
of hydrogen, to form the chloride ; also the oxid(‘, liydroxide, or car- 
bonate; mny lx* dissolved in hydrochloric acid; l)ut a more usual way of 
j)r(;paring this salt is to precipitate a moderately coneentrat(‘d solution 
of the nitrate or acetate with hydrochloric ii(;id or a soluble chloride. 
The chlo]*id(; may tlu;u be purified by recrystallisation from hot water. 

Lead chloride crystallises anhydrous in white, silky, rhombic 
needles, having a density of 5-S02. Numerous observers 2 have deter- 
mined the melting-point of this salt, which lies between 485° C. find 
512° C. Its boiling-}K»int is 950° C., and its vapour luis a density of 
9-0 1 (air -r l) or 138-8 (11 1) at 1070° C., which cornsponds to the 

molecular formula PbC^.^ In the fused state mok;cuhir assoeifition 
exists.^ TIk; spc'cific lu'at of the solid salt betwee n ordinary tempera- 
ture and 100° C. was found by Regnault ^ to be 0-0604, and its molecular 
heat of formation is 82,800 ® or 83,900 ’ calorics, or, according to Koref 
and BrauiK*, 85,570 calories.® 

^ Ruff, Zcitsch; angc.w. Cheuu, 1907, 20, 1217. 

® Carnelloy, J, Chem. Soc., 187G, 29, 489 ; Weber, Zeilsch. anorg. Chem-., 1899, 21, 305 ; 
Ehrhault, Ann. Physil\ N.F., 1885, 24, 215 ; Lorenz and RucLstuhl, Zeitsch. n 71 .org. Chem., 
1900,51, 71; Lorenz, Frci, and dabs, Zeitach. physikal. Chem., 1908, 61, 408; Ruor, 
Zeilsch. a7\<yrg. Ch^m., 1900, 49, 305 ; Goodwin and Kalmus, Pkys. Jiemew, 1909, 28, 1 ; 
Monkeineyor, Zdtsch. KrysiaUo^., 1908, 45, 009. 

* Roscoe, Proc. Roy. Roc., 1878, 27, 428 ; Scott, Proc. Roy. Soc, Edin,, 1887, 410. 

* Lorenz, Kauflor, and Liebmann, Ber., 1908, 41, 3727. 

® Regnault, Ann. Chini., 1841, [hi], i, 129. 

* Thomsen, J, prakt. Chem., 1872, [ii], 12, 92. 

^ Berthelot, Thermochimie, 1897, i, 338. 

* Korof and Braune, Zeitach. Elektrochef77, 1912, 18, 818, 
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Lead chloride is sparingly soluble in cold and considerably more 
soluble in liot water. The solubility of lead chloride in water is as 
follows ^ : 

Temp. “ c. . . 0 ® 15° 25° ;ir> ’ 55 ' S0° 05° 

Grams of PbCt, ill 

100 grams H.O 0 0728 0*0090 1*0812 1*5244 1*8203 2*0224 3*1054 

These data have a twofold bearing in <]ualitativc analysis ; for tluMaa* 
it follows that lead is but partially [>rcci]>italed from solution by dilute 
hydrochloric acid, but that this substance can be identili(*d by its 
crystallisation from boiling wa,ter, from which it si‘pa.rates in while, 
shining needles. This salt is h'ss soluble in dilute solutions ot' hydro- 
chloric acid and other chloride's, but mon* solubk' in e.onccntrat(‘d 
hydrochloric acid S{)]ution than in water. Tlius its solubility varies 
in the following manner with the strength of the hydrochloric acid ^ : 

Grams HCl [)cr litre . 0 110 100 200 250 000 400 

Grams PbCU per litre 

(i) at0°C. , . 5<S3 3*0 1*2 1-2 5*2 10*5 17-5 400 

(ii) at 25° C. . . 10-79 7-0 1-8 — — — 

In eons(‘(pi(‘ncc of these facts a concentrated hydrochloric acid 
solution of lead chlorides is ])rccipitat<‘d by watia*, find an aepufous 
solution by a little hydrocliloric acid. Th(‘ ionic theory affords a 
satisfactory explanation of tliesif solubilities. First, the jiddilion of 
a little hydrochloric acid to the saturali'd acjiaous solution inen-ases 
the' concentration of the chloride ions so tluit the solubility ))r()duet 
ot* lead chloride is exceeded and pr<‘eijiilation lakes place ; s(‘e()ndly, 
the prcs(fnc(; of inueli hydrochloric acid promotes the formation of 
complex ions, so that more lead chloride dissolves. Tin* fact that a 
concentrated hydrochloric acid solution is not pn cipitatc'd by hydrog(‘Ji 
sulphide is attributi d to the lead being pres(‘nt in tlu- form of a complex 
ion. 

The state of ionisation of lefid ehlorid(f in acjueous solution has 
been investigated by Noyes, ^ Fenum,'^ and von Knde.^ Goiitrary to 
the o}3iuions of iJic two fornuT ()bservers, the latter has concluded 
that this sfilt is ionised in two stages, thus : 

Pbcig ^ Pbci -I cr 
PbCl-*^Pb- H-Cl', 

and has estimated the condition of a satiinited solution at 25-2° G., 
which is 0*0388 normal, to be as follows : 

Undissociated PbClg 0-2 per cemt. 

Pb*' ions 50-1 „ „ 

in)Cr ions 43*7 ., „ 

The following rc^sults have been obtained by Bottger ^ for iluf 
ionic concentration in eepiivalcnts per litre of a saturatid solution (>f 

^ Taken from iScidell, Solubilities of Inorganic ami Organic Substances (C'rosby 
wood, 1911). 

^ Ditto, Cowpt. rend.y 1881, 92, 718. 

® Noyes, ZciiscJi, phi/si/:aL (Jhem.^ 1892, 9, 003, 

* Fernan, Zeitsch. anorg. Chem.^ 1898, 17, 327. 

^ Von Endo. Ze.iiseh. anorg. Chenuy 1903, 26, 162 ; sec also Beittgejr, Zeitsch. physikal. 
Chern.y 1903, 46, 572. 

^ Bottger, Zeitsch, physikal, Cfiem., 14)03, 46, 603. 
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lead chloride at 19-95° C. : Pb*‘ 0-0168; PhCl* 0-0109; Cl' 0-0444; and 
nndissociat(jd PbClg 0*00127. 

Lead chloride solution is hydrolysed to a very small extent ; Ley 
foutuid by its j)owcr of inverting cane-sugar, that a 0*01 normal solution 
of this salt is hydrolysed to tlic extent of 0-G per cent. a,t 100° C. 

Lead chloride may be distilled in an atrnosf)herc of carbon dioxide,* 
but it is reduced l)y hydrogen below its melting-point, and decomposed 
by water- vapour at 110° (‘. ajid abo\x into a basic chloride and hydrogen 
chloride; gas. The reaction between l(;ad chloride and anhydrous 
snl[)huric acid, 

PbCla + II2SO4 ::± PbSO ^ + 2IIC1 (gas), 

has been studied by Sehreinc-rmakers,^ who linds the pressure of 
h^nirogen chloride; gas evolved rea(;hes 1 atmosphere at 27-2° C. 

Lead Chloride Double Salts.-- -ITu* solubilitN^ of lead cliloride in 
water is diminislied by the presence of small quantities of potassium 
chloride, and increased when the conec-ntration of the latter salt ]>asses 
a c(;rtain value. The minimum solubility of lead (!hloride at 25*2° C. 
is 0 00183 gram-molecule pcT litre, and is reached when the potassium 
cliloride is of 1*5018 N stre ngth.'^ 

This variation in soluViility, which is similar to that of lead chloride 
in hydrochloric acid, is attributed to the same cause*, viz. to the mass 
action of chloride; ions at low conce-ntration, and to the formation of 
complex ions PbC-l^" at higlier concentrations. 

The existence of S(;veral double cliJorides of h'ad and potassium has 
been shown by Leinavz and Ruckstuhl,® who have examined the free zing- 
point curvx- of a fusexl mixture of the two salts. Thus by a maximum 
at 430° C. and 33*3 mol. per cent, of potassium chloride, and breaks 
at 440° C. and 480° C. witli 00 mol. and 08 mol. per cent, respectively 
of potassium chloride, the existence* of the* following double* salts is indi- 
cat(;d : 2PbCl2.KCl, which forms an almost transparent, glnssy mass; 
PbCl2.2KCl, which occurs in rhomlnc crystals; and PbCl^. 1K(T wliieh 
is said to form reddish while*, granular masses. 'J'he be haviour eif a fused 
mixture ejf ])otassium anel le*ad chloriele;s on electrolysis shows that a 
com])lex n,nion is present.^ 

The following crystalliseel doidile chloride's have bee n obtained from 
mixed aqueous seihitions of their component salts : 

aCPbClg.KCD.ilgO 7 2Pb( lo.Rbd 

2PbCl2.NH4(:i s PbClo.‘^2Rb( l.lL,0 

PbClg . 2N11 4CI 9 2PbC1 .> . CsCU 

3(PbCl2.NTl4Cl).Il20 » PbCl.rCsCl 

* Lf\v, ZeitAch. physikal. Ckcm., 1899, 30, lOIJ. 

- Ueinrath, Zeilsrh. physikal, Chem., 64, 093. 

“ Schreinermakers, Ch<>m. Wrekhla<i., 1904. l, 87. 

* Von Knelt', Zeitsch. anorg. Cheat. ^ 1901. 26, 129. 

® TiOrenx anel Reickstuhl, Zvitseh, anorg. Chan.. 1906, 51, 71. 

® Loremz anel Kau«ti, Zeitsrh. Elektrorhem,. 1904, lo, 6.3.3. 

’ Wf>lls, Zdlseh. anorg. (Vtem.. 1893, 3, 19.5; Ui'iuse'ii and llorfey, Amer. Chew. J.^ 
1892,14,81,107. 

® AndnS Compt. rend.. 1884. 96, 4.3.'). 1502; Koiiz^.s-Diacon, Hull, Hoc. ehim.. 18J)7, 
fiii], 17, .346; Haiidall, Amer. Chew. J., 189.3, 15, t94. 

“ We'lls and Johnson, Zdlseh. anorg. Chew.. 1S93, 4, 117 ; T)eriias.sknix, Compt. rend., 
1913. 156, 892. 

w Wcdls, Zeilsch. amrg. Chew.. 1893, 3 , 195 ; 4 , 128. 

Noyes, ZeUsch. physikal. Chew.. 189*2, 9. 603. 

Otto and Drewes, Arch. Pknrm.. 1890, 228, 495. 

Boo^uerel, Compt. rend., 18.52, 34 , 29. 


PbClo.4CsCl 10 
PI)C1.>.3T1CI 
P])Ll2.2MgCl2.13n20^* 
PbClo-RaCIgi® 
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According to Foote and Levy,^ only one lead ammonium chloride, viz. 
2PbCl2.NH4Cl, exists. Equilibria in the system water-ammonium 
chloride-lead chloride have been studied by Hronsttrd.^ 

Two compounds of lead chloride with ammonium bromide have 
been described 3; they are aPbCla.NH^Hr and PbClg.^NH.jHr. Lead 
chloride forms with pyridine the substance PbClg.^C^IT^N, which 
crystallises in needh's, and rapidly loses pyridine' in the air.^ 

Basic Lead Chlorides. — V^arious basic h'arl chlorides exist. Owing 
to the tendeiKiy of h'ad to form l)asie salts, basic chlorides are more 
common in nature than tlu' normal salt. "Ehus the miiujral matlochite 
is PbClg-PbO, and is fornu'd artilieialiy by igniting the normal chloride 
in the air until no more fimu's ar<' evolved. Tlu* mineral mendipiie 
Pl)Cl2.2Pl)0 is also W’ell known. When lead ehloride is fus(xi with 
h'ad oxide a yellow product results, Avhieh is nsc'd as a pigme^nt under 
the name Cauftel yellow ; it has ap])roxim.itt^ly tlie composition 
PhCl2.7PbO, but is not a singh' substance. Various ('onqdex basic 
chlorides'*' ;ire foruud wlu'u clilorine and air act on lil barge at high 
b'mperature ; but they are lU'ohably mixtures. I'he basic lead 
chlorides have been investigated by Kiu'r,® who lias traced the fre('zing- 
point curve of fused mixlures of lead oxide aiul lead ehloiide, and 
concludes tluvt only tlu' following three }inhydro\is ha.sie chlorides 
exist : 

(1) PbCl2.PbO, which occairs naturally as viaflochite. This com- 
|)OUtjd crystallis(‘s in long, thin lU'cdh's, and cannot he imdU'il without 
deeoin}>()sition, but decomposes at 52'k^ C., yielding tin; second basic 
ehloride. 

(2) PbCl2.2Pl)0, which exists naturally as iurNdipile, forms loi^g, 
shining needles, that melt, uiuh;eomposed, n,t 093*^ 

(3) PhClg.^PbO has not bee-n found in nature, but crystallises in 
vellow ])lat(\s, and yields a bright yellow ])owd('r. It me lts, unchanged, 
Sit 711° C. 

S(;veral hydrated basic h'fid chlorides, or lead hydroxyehlorides, 
exist, among them being the mineral laiirionile PbC'la'^^^'^LllgO or 
Pb(OJl)Cl. An artilicial form of tliis substance was at one time 
pri'pan'd by ]H'ecipitating lead chloride solution with lime wate r. The 
[)ro(*(‘ss was ])ateTjte‘d by Pattiusoii in 1819, and the' product used as 
a substitute; feir wdiite; h'ad. This compound, as we ll as PbUla . 3Pl)0 . IT2O, 
appears also to be formed whe'u l(;ad chlemde is shaken with water 
and the hydrate^d oxiele Pb;j0o(01T)2 ’ ; PbCM^.^PbO is also supposexl 
to be produced in Schee'lc’s process for manufacturing eauslic soda by 
the action of litharge on sodium chleirido solutiein, thus : 

2NaCl + 4PbO + TT2O — 2NaOTl -f PbCla-^PbO, 

but according to Bcrl and Austcrweil ® the compound PbClg. 4Ph() . 2M2O 
is produced when a normal solution of sodium chlen'iele is employe d, thus : 

2NaCl + 5PbO -I- II2O ^ 2NaOTl + PbCl2.4PbO. 

‘ FooU' and L(;vy, Anier. (Jhf'in. 1907. 37, 119. 

“ Rrdnstod, S/irevlh Infar. Oanr/r, A]tpL ("fu/n.. 1909, x, 110. 

^ Fonzos* Diacoii, linU, Sor. dtim.y 1897, [iii!, 17, .‘UO- 

'* Htdiic, J. Phjaiml Cliem.y 1912, 16, 373. 

^ Cross and Seguira, J, Chem. Soc.y 1878, 33, 405. 

Ruor, ZtitscJi, anorg. Chem.y 1900, 49, 305. 

^ Pleissnor and Auerbach, Arbeiten Kaiterl. OerSundhcitsamiCy 1907, 26, Heft 3. 

* Berl and Austcrweil, ZeiUcl. Ele/ctrochern.y J907, 13, 165. 
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The )i}'(lroxye}il()ridc formed in Scheele’s proci ss turns yellow when 
lieat(‘d till it is iuihydrous. In 1787 Turner took out a patent for 
prepariui^ caustic soda by Schecle’s reaction, and the ignit("d basic 
ehlori(l(' was employ ed as a pi^^ment under the name of Turnery's ycllotv, 
or pafent yelloiv. 

Slrdniiioluj ^ has prepared the salt 2 rbCl 2 . 6 PbO.H 2 O, and finds 
tliat il ('lyslallisr^s in yellow needles ; he has also obtained the salt 
PbCJg. 01 ^ 1 ) 0 . 21120 , cryslallised in needles which on heating chang(; in 
colon r from grey to yellow. 

Lead Tetrachloride, PbCi 4 .^ — Complex salts of the type M'gPbClt. 
W(‘re prepar<‘d Ixfore the tetrachloride itself was isolated. First it 
was ol>.s(‘.rv< d tliat lead dioxide can be dissolved in cold concentrated 
hydrochloric acid without the evolution of chlorine ^ ; also that a 
solution of sodium chloride saturaU*d with chlorine can dissolve a 
considerabh^ (juaidity of h^ad dichlorid(^,’^ and that hydrochloric acid 
itself n);iy lx* emphyed in place of sodium chloride.^ These facts 
indic;d(‘ l.li(‘ probables (xistence in solution of eomph.'x ions containing 
(juadrivalent had ; and the ammonium salt (Nir 4 ) 2 PbCl 6 was obtained 
in an impun^ stab; from such solution by Nikoljukin.^ The tetra- 
chloride itself was first isolated by Friedrich, who prejiared ammonium 
plumiiichloride by ]):issing chlorine into hydrochloric acid containing 
lead diehlorid(^ in suspension, and then adding ammonium chloride io 
the liquid. Wlu*n the separated ammonium comjikx salt was <addcd 
to weli-cool(‘d sulplmrie acid there was a vigorous reaction, with evolu- 
tion of hydrog^'U chloride gas, and the separation of a yellow licpiid, 
wJiieh was le;ul letrachloridc. 

Lead tetrachloride is a yellow, mobile^, refractive liquid, having a 
density of 8*18 at 0 ’ C. ; it solidifies at 15° C. to a yellowish, crystal- 
line mass. It is fairly stabh^ under eoncentrat(‘d sulphuric acid, but 
fuuK's in nK)ist air and decomposes into l(‘ad dichloride and chloriru; ; 
at 105° (\ it decomposes ex})losivcly. 

With a little water it forms an unstabh* hydrate, but with much 
water it is decomjxised into lead dioxide and hydrochloric acid. With 
a little well-cooled, conc(‘ntrat(‘d hydrochloric acid it yields yellow 
crystals whi(‘h are ])robably hydrochloroplumhic acid, JlgPbClt;. A 
yellow solution of this acid is obtained when concentrated hydro- 
chloric acid is (‘h‘ctrolysc'd with a h'ad anode.'^ 

Ammonium Plumbichloride, (NIl 4 ) 2 pbC'j 0 , has bc(in prepared in 
several ways. It is obtain(‘d when cold hydrochloric acid acts on lead 
dioxide, and ammoninm chloride is added to the resulting sohition®; 
by treating lead diehloridc^ with fuming hydrochloric acid and chlorine 
under pressure, and then adding ammonium chloride ® ; by adding 
ammonium eliloride to the solution of hydrochloroplumhic acid 
obtained by eh'ctrolysis,’ or to a solution of lead tetra-acetate in hydro- 

^ StWiinholm, Zi’ihr/,. annrg. Chrm., 1904. 38, 429. 

- Milloij, J(mt. }*harm. Chnm.^ 1842, fiil, 28, 299. 

Sobivro niul Sc'Iini, Jahresbar^ J850, 822. 

* l)itU\ Ooinpl. 1881, 91, 765. 

“ NiUoljiikiTi, J. /?«.<?.•?. Chem. OV^., 1885, 207. 

^ Fruulrich, Her., 18911, 26 , 1484 ; hoi» also Olasson and Zahorxki, Zeitaeh. avorq. Ohem., 
)89:k 4, 100. 

’ Klbs and Niiblinj;, ZeAlsch. Elekirochtm,, 190:1, 9, 776. 

<* Nikoljukin, he. nt. 

• riHSH(‘n and Zahorski, Zeifsrh. anorq. Cheni., 1893, 4, 100. 
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chloric acid ^ ; and by the interaction of lead dieliloride and ainnioniuni 
persulphate in liydrochloric acid solution,^ thus ; 

+ Pbcig + mvi (Nuj.Pbcie; + 2 H,so4. 

Amnioniuin pliimbicJiloridc crystallises in cilroii-y(‘lIow oc^tahedra, 
isomorphous with (NH4)ySnCl6 and (Nir4)2plC‘l6. It is stable in the. 
air, and may be heated to 115^’ C. without peret‘|)til)l(' decom[)(>sil ion ; 
it decomposes,^ howevcT, at 225*^ C. This salt lias betai (‘mj>loy(*d for 
chlorinating aromatic hydrocarbons and liu'ir d( ri\ atives.^ 

Potassium, ru])idiimi, and cicsiiim })lmnl)ichlnrides resemble the am- 
monium salt; K2pbCl(. decomposes at lOO'C., HboPbCl^. and CsaPbCl^^ 
at about 280^^ C.® The quinoline and jn ridine salts, (C9ll7Nn)2Pbrig 
and (CrJl5Nn)2pbC4, resp(‘etively, have been prc‘pare(i.^ 

A number of plumbichlorid(‘s have been ])r(‘[)ared by (Jutbii r and 
Wissmi’ilh'r by mixing hydroehloroplumbie aeid with solutions of 
metallic or substituli'd ammonium chlorides. Thi‘S(‘ sails arc* anhydrous, 
being XoPbCl^ or (H .NIT.j)2pbCl6, and are obtained in minui.cr yellow 
or r(‘d crystals. Compounds of the alkali nutals, and derivatives of 
th(^ })yridin(‘ and (piinoline seriers, are stable ; aliphatic anunonium 
compounds tend to decompose in the air, civolving chlorine. 

Lead tetrachloride forms compounds with ammonia and organic 
bases. 

Lead Chlorite, Pb(Cl()3)2. is o))lained by j)r(‘ei[>ii.ating h ad nitrate 
solution with a soluldc* clilorite.® It. eryslnllisi^s in ydlow scales, and 
exploders when hc'ated above lOO'^ C. A mixture of (his suit witli 
sul])lmr iidln-nu'S wlieii rnbl)ed. 

Lead Chlorate, Pb(C10;})2.1l2D, is obtained by adding h.ad oxide 
or carbonate in i xeess to chloric acid solution, allowing ilie solution 
to stand for a day, and tlien filtering and conci jit ral iiig the lilt rate. 
The crystjds are moiiociinie,^ and are isomorj)hons willi those* of tlu* 
(;orresp<)nding barium salt, Ba(Cl03)2.1l2U. Tlu* salt may lx* dehy- 
dratecll)y heating under greatly reduced pressure to 180 1 10'* (•. Tlu? 

manner of decomposition of anhydrous lead (*hlora.te by lu at is inb rest- 
ing because it may be eoinpaixd with the fa-miliar (h*eom])()sition of 
potassium clilorab^. The subject has been invest igab'd by Sodeand® 
who has shown that chlorine* is evolved togetlu r with rjxygen, and tliat. 
in the slow de comijosition of the salt under 4 mm. ])rc‘ssiirc at 225^’ - 
260° C. the following indej)(?ndent reactions take place : 

P])(C1(),)2 - PbClg -I- 80., 

PI)(C10;d2 -- EhOo ~f CL, 4 2 O 2 

and that lead jxToxidc and clilorinc internet thus : 

PbOg + CI2 - PbCd 2 + O2, 

^ lb I tcliinson and Pollard, Tram. Chem. Soc.^ 1890, 69, 212. 

^ Seyc'wetz andj?ra\vitz, 0<mrpL rend., 1903, 136 , IkSO. 

® Welts, Zcit/ich. anorg. Chem., 1893, 4, 335. 

•* S«yewetz and Biot, Covvpt. rend., 1902, 135, 1120; S< yewetz and 'I’rawitz, Campl 
rend., 1903, 136, 240. 

^ Elba and Nublin<f, ZHtsch. Elektrorhem., 1903, 9, 770; Clnsscn and Zahorsli, Zrif.-^dt. 
anorg. Chem., 1893, 4, 100. 

® Gutbior and Wisarniiller, J. prakt. Chem., 1014, fii], 90, -191. 

’ Matthews, .7. ..-Iwer. Chem. Soc., 1898, 20, Si 5. 

® Schiol, Ann. Chemi., 1859, 109, 317 ; Mil]<ui, Ann. Chim. Phgft., 1842, fiii], 7, 327. 

*• Marignac, Jahrejfber., 1855, 398, 

Sodcau, Tram. Chem. Soc., 1900, 77, 7J7. 
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so that the amount of chlorine actually evolved is much reduced. 
If the decorn]>osit:iuii takes place rapidly at high temperature, the 
oxyehlorichi Pl^O.PhClo is fonned. 

The difference hel vveen the behaviour of lead and potassium chlorates 
vvhc‘n heati'd lies in the loss of chlorine by th(‘ former salt ; and this 
(lifhrrenee may b(^ attributed to the weakta* basic nature of lead oxide. 
It may be suggested lliat the nitrates show a somewhat similar 
differ<‘nce when heated, potassium nitrate r(^taining all its nitrogcai 
as nitrite, whilst lead nitrate loses it all as NOg, and is converted into 
oxide. 

Lead Perchlorate, Pb(Cl04)2.3Il20, is formed, not by ignition of 
the chlorate, but by dissolving lead oxide or carbonate in aqueous 
perchloric a,cid. It crystallises in soluble, white medh^s, which hold 
their wat(*r very tenaciously. The basic salt Pb(C104)2. 1*1)0,211.20 
is known.^ 

Lead Brotnidcs, — Only the dibromide of lead is d(Tmitely knoAvn, 
and this forms various doul>le salts ; d<trivativ(‘s of the tetrabromide 
have, how(‘ver, l)een pre|)ared. 

Lead Dibromide, Pblh'o, resembles tluj corresponding cliloride, and 
is ))repared b^^ dissolving lead oxide in hydrobromic acid and crystallis- 
ing the solution, or ]>y pr(*eipitating a lea<l salt Avith potassium bromide 
solution. It crystallises from hot water in white; nei;dles, which belong 
to the rhombic system, and have; a dimsily of fr()3. 

If hydrobromic acid solution is add(*d in excess to a 0*5 ])i!r cent, 
solution of l(‘ad bromide in hot Avater, needle-shafx'd crystals s('parate 
on cooling, Avhich have the eoni})osition PbUrg-^UIgO.^ 

Various observations ^ Imve b(‘(‘n made upon the melting-point of 
this salt, which lirs IxdAveen 480'’ C. and 499'’ C. VVIumi fused it is a 
red liquid, solidifying to a white, horny mass ; if, howev(;r, it is melted 
in moist air it (anits Avliib; fumes and forms an oxybromid(\ The boiling- 
1)0111^* of lead bromidt; is about 920'’ C., and its moh'cular heat of forma- 
tion from the; nit‘tal and licpiid bromine is 75,000 calories (lh;rlhelot), 
or 04,450 cn.lori(;s (Thomsen^). This Sfilt slowly darkens in the light 
owing to the s(‘])ar;ilioi\ of uK tal.® 

The solubility of h'ad bromide in Avatcr increases rapidly .with 
rising temperature as th<; folloAviiig figun's show'^: 

Temp. ^0. . . 0 15 25 35 45 55 * G5 80 100 

Grams VbUrg in 

100 grams HaO 0-4554 0 7305 0*9744 1*3220 1*7457 2137r, 2*574 3*343 4*751 
According to von Knd(‘,® the solubility at 25-2'’ C. is 0-02028 gram- 

^ Marignac, Jahrej^her,^ 1855, 398; Serullas, Ann. Chim. 1831, 46, 300; Roscoe, 

Annalen., 1802, I2l, 350. 

“ Jlitto, Conipt. rend., 1881, 92, 718. 

3 Khrhardt (490" (J.), Ann. N.F.. 1885, 24, 215 ; O. It VVober (490'" V,.),Zeilsch. 

anorg. G/irm., 1899, 21, 305; (bmolloy (490^^ C.), J. Cfiem. Soc., 1878, 33, 273; Holffnstein 
(480" C.)» Zeiheh. anorg. ('hem,, 1900, 23, 255; Goodwill ami Kalmus (488" (1), /'A?/**. 
RerieWy, 1909,28, 1. 

* Wobor (918" -920" C.), anorg. CJtem., 1899, 21, 305; llolfenstoin (921" 0.), 

T/Hirtch. anorg. Vhem,, 1900, 23, 255. 

^ 'lliofrison, .7, prakl. ('hem., 1875, (ii], 12, 92. 

« Norris, Ann. Chem., 1801, 117, 189. 

’ Lichty, Amer. Chem. J., 1903, 25, 409. 

3 Von Endo, ZeUHch. anorg. Chem., 1901, 26, 129. 
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mokenlc per litre, whilst th(j state of ionisation of the solution is as 
follows : 

O-OOlOO ^ram-molecule of Phlir., (undissoeiated) per litre 
0()0919 „ PbPr“ 

()01(J()3 „ Pb-’ 

001125 „ Br' 

T}u‘ following results have, however, Ixeu oblaiiit'd by Bott^er,^ 
cxpr(sse(l in eciuivalcjits ]kt litre: Pi)Br.> O-OOl II, IM/Ur* 0-0110, 
Pb** 0 0100, Br^ 0 0322. 

Tu p^t‘uera.1, llie solubility of lead bromide* in liydroehlorie, nitric, and 
acetie acids, as well tis in aiumouium chloride solulion, is ^nva.t(‘r I ban 
in water; but the solu]>ility of Ibis compound in j»ydroi^('n bromide 
solution is analogous to iliat of b ad ebloricb* in liydroehlorie acid ; 
that is to say it is b ss solulde in dilute hydro<v('n bromich; solution than 
in pure wat- r 1 liln* of 0*5 normal solution of llBr dissobes only 
1-25 ^ram PbBr^ at 11^’ C.. whilst a litn* of water at Ihe sauu* ieiupcTa- 
ture dissolves (J <:rams - — but mon* soluble in a eonet-u traded solution 
than in pure waU r, owin^^ to the formation of eom])i('x ions.® 

Double Salts of Lead Bromide.- -Lead bromid(^ forms a number of 
double salts willi tin* bromides of luon* (‘leeln)])ositivt‘ nulals, ajid 
combiiK's also with liydrobromie acid to form Ihe crystalline eompb'x 
acid 2lIBr. 5PbBr2. lOlT./).® The followiu^j^ sails have been descadbed : 

PbBr 2 . 2 KBr.^ lN)Br..2NIIiBr. II./), PbHr,.2KbBr.ll.,() 

PbBrj,.2KBr.IIoO,5 2 Pl)Br 2 .Nll 4 Br,® and 2PbBr... Bbllr/ 

8PbBr.>.8KHi . li„() (?), Nn.PbgCl.Br, PbBr^.lC^sBr, 

P])Br.,.‘'KBr.lL>0“ (NIlJ.PbBrXU.tH.O PbBr.>.(\sBr, 

2PbBro,KBr, “ and Nll.PbJk/’i/ “ 2PbBr..('sBr,® 

Pl>Br2.2M<^Bivbn20d» 

Compounds of lead chloride and bromide Iiav(^ been described^*: 
PliCL.PbBjo and 3PbCJ.,.PbBr2, but these may be isornorphous 
mixtures of tin* two salts.^® 

Basic Lead Bromides. — AViien b-ad bromide is fused in moist, 
air it is eouv(a’tcd into a pearly yt-llow mass, which is said to lx* 
PliBr^.PbO; the hydrab'd salt PbBra.PbO. II^O is olitained wlien 
sodium bromide and lead acetate solutions arci h(‘at(‘d tof^dher,^® 
and also wlien lead bromide solution is treated witJi ammonia ; 

^ Bottger, Zeitsrh. pfu/siLnl. Chem,^ 1903, 46, 002. 

2 Antlrc, Cornpl. rc?id.f 1S85, 97, 1302. 

* Ditto, Compf. rend,., 1881, 92, 718. 

* Lowig, Gendin's Handbook, 1850, v, 101. 

® liemson and Herty, Amcr. Chem. J., 1892, 14, 81, 107 ; Wells, Zeiisch, anorq. f^hem., 
1893, 3, 19.5. 

tW'Ils and .lohiison, ZeiUch. anorg. Cliem., 1893, 4, 117. 

’ Foir/cs-Diaoofx Bull. Soc. cliiw.., 1897, (iii], 17, 340. 

^ WolLs, Zcitdch, anorg. CJteui., 1893, 4, 128. 

Wells and Walden, Auur. J. Bci. (Hill.), JS93, jiii], 45, 121 ; ZeiLich. ouorg. Cduh'i,, 
1893, 3, 203; Foote, Amcr. Chem. 1907, 37, 124 ; Welts and W'li( (der, Zril'U'h. anorq 
Chem., 1893, 3, 204. 

Otto and Drewes, Arch. Pharm,, 1890, 228, 495. 

TliomaH, Com%d. rend., 1899, 128, 1234 and 1349 ; Ilea, Chem. Nema, 1881, 43, 216> 

Herty and Bogga, J. Amer. Chem. Soc., 1897, 19, 820 ; Monkemoyor, Zeit* Knjs- 
iallogr., 1908, 45, 009. 

De Schulten, Bull. Soc. /raw. Min*, 1897, 20, 186. 
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the compound PbBi\j. 0 Pl)O. 2 ll 2 O has also been obtained in white 
needles by the action of ()-()5N KBr solution on lead hydroxide, 
whence 4 PbBr 2 . l^iPbO.SlIgO is formed in yellow microscopic needles 
by the action of caustic sodad The compound PbBr 2 . 2 PbO is said also 
to exist/-* 

Lcta-d bromide forms with [)yridine the compounds ® : 

PbBr 2 . 2 C 5 ir 5 N and PbBrs.SC^llQN. 

Lead Tetrabromide has never been prepared, but cpiinoline plumbi- 
broTuide, (Cgll^NIO^PbBr^, is obtained when the corn-spondi ng chloride 
is decomposed by conct^itrated potassium bromide solution. That 
this is refilly a (juadrivalcnt lead compound is shown by the fact that 
alkalis separate from it lead dioxide.^ 

Lead Bromate, Pb(BrO 3 ) 2 . 1120 , crystallises from a hot solution 
of lead carbonate in bromic acid in shining moiioclinic crystals, iso- 
rnorphous with the corresponding strontium salt. L('ad bromate is 
decomposed at 180^’ C. and leaves a residues of lead dioxide. One litre 
of a saturated solution at 20 "^ C. contains 13*4 grams of the salt. 

The basic salt Pb{Br 03 ) 2 . 3 Pb 0 . 2 H 20 ^ is obtained by the inter- 
action of lead hydroxide and ammonium bromate solution. 

Lead Iodides, — Lead forms only one iodide, Pbig, which giv(*s rise 
to doubh* and basic salts ; some derivatives of the unknown PbT 4 , 
however, exist. 

Lead Iodide, Pblg, may be obtained by dissolving lead in hydriodic 
acid, or by ])reeij)itating a h ad salt by means of a solubh* iodides Wli(‘n 
obtained in the latter way it is a bright yellow prcscipitate, which 
dissolves in much Jiot Ava,t(T and separaic s again on cooling in golden 
yellow six-sided })lat(‘S. The density of h'ad iodide is (MG; when 
tlic dry salt is heated it becomes reddish yellow, them bright red and 
brownish bhick, and linally melts to a reddish brown liquid at about 
380'^ C. Various estirnaticjns of the melting-point are as follow : 
Ramsa^^and Kumorfo})oulus,’ C. ; Ehrhardt,® 375° C. ; Carnelh-y,^ 
between 374° C. and 387° C., with a mean value of 383° C. It boils 
bctw(‘en 861° C. and 954° C., and may be sublimed unchanged in an 
atmos})her(‘ of carbon dioxide.^^ 

Th(‘ molecular h(\at of formation of lead iodide from its elements is 
89,800 calori( 5 s ; or, according to Koref and Braune, 41,850 calories.^*^ 

Dry lead iodide; is stable; in the air ; but the moist salt., under the 
influence; of sunlight, yields lead carbonate and dioxidt; together with 

^ Stroniholrn, Zieitsch, anorg. Che.rn.y 1004, 38, 430. 

* Andre, Compt. rend., 1885, 97, 1302. 

** (loobbi'ls, Bet., 1895, 28, 794 ; Hoise, J. Physical Chem., 1912, 16, 373. 

* (^’lasson and ZaliorHki, Zeitsch. anorg, Chem,, 1893, 4, 100 ; Elbs and Nubling, Zeitach, 
Eleklrochem,, 1903, 9, 77(i. 

* Strbmholra, Zeitsch. anorg. Chern., 1904, 38, 429. 

“ CJlarke, Conatanla of Nature (Wasln'ngton, 1888), pt, i. 

Ramsay and EinnoifofKjuIiis, Phil. Mag., 189G, 41, 3G0. 

® Klirhardt, Ann. ]*hysik, N.F., 1885, 24, 215. 

i^^arnolloy, J. Chem. Soc., 187(), 29, 489. 

OarnoLley and Williams, Tram. Chem. Soc., 1880, 37, 126. 

Schtsoherbakoff, J. Huas. Phya. Chem, 80 c,, 1905, 37, 682, 

I’horaaen, J, prakt, Chem., 1875, [ii], 12, 92, 

w Koref and Braune, Zeitach, Elckirockcm., 1912, i8, 818. 
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free iodine.* When the salt is heated in ihc fiir it loses iodine and 
torins an oxyiodidu. 

llic solulnlity of lead iodide in water is as follows : 

25 35 45 55 G5 80 100 

Grams PbK m 

100sramKll,,O 0-0142 0-()tli;{ 0-07(4 0-10(2 0-1453 0-17.5.5 0-2183 0-3023 0-436 

According to von Ende,® the sohdiility at 2r>” C. is 0-001.5.« grain- 
molecule per litre. This salt is thus iniieli le.ss snliihle in water than 
the bromide or chloride. The solubilities of tlie three salts are shown 
in 15, 
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The solubilities of load chlorido, broinkh', juid iodide at 20'’ have 
becai determined by J3ot^^T^ by eoinparinir the eleetric eondneli\ il.it s of 
their saturat’d solutions with the conduel ivity of pure water. The Ibl- 
lowiiifT results wTre obtained: PbCl 2 O-Gl x 10~\ PI)Hr 2 X 10~^ 
Pbla 0-47 X 10"i grams per litre. Moreover, it was emieluded that 
lead iodide is dissociated ® only into Pb*' and 2P ions, no Pbl' ions 
being formed; the ion-concentration of this salt was 2*58 x lO'*' 
equivalents p(T litre, and the solubility product 8-10 x 10 ®. 

An aqueous solution of lead iodide is colourlrss, tin.' yellow colour 
being that of the solid salt, and not of Pb” or P ions. This salt is 
more sohiblc in alkali iodide and acetate solutions than in pure water, 
owing to the formation of complex ions. Indeed, lead iodide- may be 
dissolved in concentrated potassium iodide solution and rcprecipitatcd 
by dilution. 

Lead Iodide Double or Complex Salts. — Lead iodide combines with 
hydriodic acid to form a crystalline compound, and with a large nurnlarr 
of metallic iodides to form double salts. 

^ Schmid, Pogg. Anrtakn, 127 , 493. 

2 Lichty, Amer. Ohem . »/., J903, 25 , 4(»9. 

® Von Knde, Zeitsch. anorg. Chem., 1903, 26 , 162. 

* Bbttgcr, Zeitsch. physikal. Ghpm.y 1903, 46 , 602. 

^ See also von Ende, Zeitsch. anorg. Chem.y 1903, 26 . J69. 



398 CARBON AND ITS ALLIES 

The compound Ill.Phla.SllaO is obtained in unstable crystals by 
the action ol' hydriodie acid" on lead in presence of air, or by dissolving 
lead iodide in hydriodie acid ^ ; and the following double iodides have 
been described": l>bI,. 2 LiI. 4 H 5 ,(V Pblj.Lil.fdl A" Phla-tXal,* 
Pbl 2 . 2 NaT. 4 ll 20 ,- PblVsNal.ClliO,* Pbl^.KI.'ilL.O « (other potas- 
sium salts have been described,'’ but their exisUnee is doid>tful), 
3Pbl2.1.NII,I.(iri20,2 3Pbl2.tN(CIl3)4VPbl2.RbI.2ll20,«Pbl2.CsF; 
also double iodides coni.aining the following elements : Gl, Mg, Ca, 
Sr, Ba, Zu, Cd, Su", Cr", Fe", Mn", Ni", Co'\ Al, P'", As'", Sb'", 
Ib'". The pyridine compounds Pbl2.2C5Tl5N and Pblg.SC^H^N have 
been prepared.® 

The followin.iT chloriodidcs Pblg-PbCl^ or PldCl® and SPbIPl.HgO,!® 
and tlie bromiodide Pbla.^PbBr^ are said to exist, but it is questionable 
whether they arc true compounds or isomorplious mixtures of the 
different halich s.^^ 

Basic Lead Iodides. — Various basic lead iodides have been described ; 
they arc formed by the action of potassium iodide solution on lead 
hyiiroxide, or of alkali hydroxide or ammonia on h ad iodide : 
Pblg.PbO.TTaOA^ pbl2.2Pba PbIo.Pb().2iroO,i3 Pblo.JlPbO.IIaO,!^ 
Pbls.ilPbO.allaO,!® 2Pbl2.9PbO.2lI 20,12 l>bT.^. 5 Pb 0 . 7 lr 20 ,^^ Pblg. 

6PbO.2Il2O.12 

The basic cliloriodide PbTj.PbCl^.PbO, which has been prepared 
artificially.*''' o(;curs as tlie mineral schxvarzcnhergife. 

Lead Tetra-iodide does not exist, but th(‘ cpiinoline double salt 
(Cj^IlyNlIjoPbl^} has been prepared i** by treating the corrcsjionding 
chloride with potassium iodide, though doubt lias been raised whether 
tliis compound is really a derivative of (piadrivalent lead or a poly- 
iodide of the bivalent metal. i’ The pyridine salt (C5ll5NIT)2PbT6 also 
exists. 

Lead lodate, Pb(I03)2, is precipitated as a white powdia* whi n 
alkali iodate is added to h ad nitrate solution.*® Wluai heated it evolves 
iodine and oxygen, and leaves a mixture of lead iodide and oxide. 
Lead iodate is one of the numerous very slightly soliibh' salts whose 
solubiliti(‘s in watia* have been deduced by Kohlrauseh 1® from the 

^ licrthelot, Aim. Chim, Phys.y 1881, [v], 23, 85. 

2 Mosnior, Ann. Chim.. l*hys., 1897, fviij, 12, 374. 

* Bogorodski, J. Runs. Phys. Chem. 1894, 26, 21(5. 

^ Jicrty, Amer. Chan. J., 1892, 14, 107 ; J89G, 18, 290; Wells, ZvMsch. anorg, Chem., 
1893, 3, 195. 

® SchremeriuakerB, Zcitsch, phy.nkal. Chem., 1892, 9, 57 ; 10, 477. 

« Wells, Zeitsc.h. anorg. Chem.^\m% 4, 128. 

’ WfHls and Wheeler, Zeiisch. anorg. Chetn., 1893, 3, 204. 

8 Heiso, J. Phy.siml Chem., 1912, 16, 373. 

® Thomas, Compi. rend., 1898, 126, 1349. 

Fonzes-biacon, Bidl. Sor. chim., 1897, [hi], 17, 340. 

“ Herty aud Boggs, J. Amer. Chem. Roc., 1897, 19, 820: Thomas, Bull. Soc. chim., 
1898, fiii], 19, 598; Compt. rend., 1899, 128, 1234 and 1329; Monkemeyer, Zeiisch, 
KrysL Min., 1908, 45, 009. 

1'-* Stnimholrn, Zeitneh. anorg. Chem., 1904, 38, 429. 

^8 Kiihn, Arch. Pfmrm., 1847, fii], 50, 281. 

** Ditto, Compt. rend., 1882, 94, 1189. 

Bertrand, Bull. Soc. min, de France, 1881, 4 ; Dietzel, Dingl. poly. J,, 1868, 
190, 42, 

Classen and Zaborski, Zcitsch. anorg. Chem., 1893, 4, 100. 

Klbs and Nubling, Zeiisch. EhHrochem., 1903, 9, 770. 

18 Rammolsborg, Pogg. Annalen, 1838, 44, 645. 

18 Kohlrauseh, Zeiisch. physikal. Chem., 1904, 50, 355. 
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conductivities of their saturated solutions. It is accordingly found 
that 1 litn* of a solution saturated at 18® C. contains 0*019 gram of 
PbllO.,),, The bjisic salt Pb(T03)2.8Pb0.2ll20 has hcvn prepared 
from lead hydroxide* and sodium iodale Si>]utioii, or by the action 
of sodium hydroxide on lead iodale. It is a white, (Tystalline powder.^ 

Lead Periodates. — In common witli imuiy other metals lead forms 
s(!Yeral pea’iodates, most of which may bo re garded as Basic salts, or 
salts of poly basic periodic acids. 

lly preeipihiling lead nitrates solution with sodium iodate,, Kam- 
melsberg obtained a white, mici'ociystalliiu* salt, to whieli he attributed 
the formula Pl)(104)..2Ph0.2ll20 or When strongly 

heated this salt loses wafer, iodine, and oxygen, lea\‘ing Pblg.^PhC). 
According to Kimnrns,^ howevtT. it gradually loses il.s water at 275® C’., 
leaving tlie dark yellow anhyclro-salt PblKij)^. 2r})() ; and it is con- 
verted into the red normal salt PhllO^)^ by prolonged h(‘ating with 
concentrated nitric a.cid. 

Giolitti ^ ha.s o])t aim'd rather different results. According to this 
observer, th(i salt o1)tained \^y juhling a dilute* ae(tic acid solution of 
lead aet‘tat(‘ to a cold solut ion of the* salt K2llH)r,. to wliieli the formula 
Pbgl./JiQ. ‘JlTgO was attributed by JianmielslxTg. is PblllOj^; and 
this when heated to 189®-! 10® C. yields the a,nhydro-salt Pb^lyOg as a 
red powder. Tin* hydrated salt PI >11 1 O^,. 1120 is formed wluai a .solution 
of periodic acid is added to a tliluht acet ic acid solution of l(*ad a.c(‘tat(.‘ ; 
and P})2H106 resnlts from the prolongt'd liealing of PhlllOr, with 
water. I..astly, the salt PhgloOio. H2O, containing one molecule of 
water less than Itainmelsherg’s salt, is probably formed wlien PblllOg 
is heated in dilute nitric acid with lead hydroxide. 

I.EAD AND OXYf.KN 

Lead a suhoxide, PbgO, which do(‘s not give rise to any 

salts, and two fundamental oxides, PbO and PhOo. TJa^ former of 
these is basic and also feebly acidic ; tin* latter is hcbly acidic and 
feebly basic, but is able also to react as a ba,sic peroxide. Thes(i 
two oxides also combiuc together to form compl<‘X or secondary 
oxidc's which are salts : 2Ph6.3Pb02 or Phr,Oj<, PhO.PbOg or l^bgOy, 
8Pb0.2Pl>()2 or Phr.O^, and 2PbO.Ph02 or Ph./),,. The* nmnoxide 
PhO is known in different forms as litharge and massicot ; the oxide 
P]).j04 is minium or rexl l(*ad. 

Lead Suboxide, Pb^^O, — Herzelius lirst observed that when had 
is heated l^elow its melting-point in the air its surface Ix'conx's covered 
with a grey film, which appe'ars to be,* the suhoxide. It was latea* 
discovered by Dulong that when lead oxalate is heateel to .800® C. 
out of contact with air it yields the suboxide ])y the re*actiou 

2PbC204 = PbsO + SCOg + CO. 

Later observers ® thought this product was merel}^ a mixture of lead 
monoxide and metallic lead ; but Tanatar ® has ])re>ve‘d that the sub- 

* Siromholm, Zeitsek. anorg. Chem.^ 1904, 38, 429. 

Kftniniolsberg, Pogg. Ajinahn, 1838, 44, 545; 1841, 52, 96. 

Kimmina, TmnA. Chew., 80 c. ^ 1889, 55, 148. 

* Giolitti, Oazzf-ila, 1902, 32, ii, 340. 

* Winkclbloch, J. jirakt. Chem,^ 18.37, 227 ; MaumoTK', Bull 80 c. rhim.^ 1872, 144. 

® Tanatar, ZeitsrJi, anorg. Chem.y 1901, 27, 304. 
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oxide is uTKlouhtcdly formed by the nboxe reaction, carried oxit in 
an atmosphf‘r( of carbon dioxide or nitrogen, provided the temperature 
is kej)t as low as possible. 'J'Jie product is then a greyish black powder 
of densit}’ 8-;M2 at 18^" C., wliich is unaltered by dry air or water, but 
is concerted into the inoiiuxide and metallic lead by dilute acids and 
alkalis. Moreover, the Insat of solution of 1 gram-molecule of this 
substance, in acretic acid is 10,048 calories, whilst that of 1 gram-molecule 
of lead monoxide is 15,500 calorics. If, however, tlu^ temperature at 
which lead oxalate* is decomposed is too high, a grcyisli green product 
results whose moh cular heat of solution in acetic acid is 15,500 calorics. 
This product must, therefore, be a mixture of lead monoxide and 
lead, into which tin; suboxide is decomposed at high temperature with 
absorption of 5,452 calorics. 

The suboxi(l(* is also formed b}^ the reduction of the monoxide by 
hydrog(“n ^ at a tcmpfiraturc not exceeding 235® C. FurtluT proof 
I hat tlic' dai k grey [xowder is not a mixture of lead monoxide and lead 
is furnished by ilie hict that mercury dissolves no lead from it, nor 
sugar solution any lead monoxide. After the powxler lias been sufli- 
ci(‘nLly healed, however, sugar solution extracts lead monoxide from 
it, leaving na'lnllic lead behind. 

Lead Monoxide (Lilhar^e^ Masiiicot)^ PbO. — This oxide has been 
known from anti<iuity, since it is form(‘d as a scum on the surface of 
moltcai l<‘ad. If this scum is continuously removed, so that a fresli 
surfn.ee of the molten iiK.tal is oxidised, a yellowish grey powder may 
be collect(‘d, which is a mixture of the* oxide and the linely divided 
metal. If this jxiwder is further roasted, it is convcrt(‘d into a 
yellowish nxl form of lea.d oxide known as massicot. When the tem- 
perature at which tlu^ oxidation of the molten metal is so high that the 
oxide fus(‘s, tlu‘ solidified product, which is scaly, is called litharge. 
This form of the oxide is obtained in the process of eiiyicllation, by 
which silver is won from arg(‘ntiftTous l(N‘id ; hence the namc.^ 

The same* oxide is firoduced when lead-vapour burns in the air ; 
formed in this way it has been callexl jlores plumbi. I^ead monoxides 
occurs crysiallised in rhombic octahedra in a miruTal found near Vera 
Cruz ; similar crystals are formed when litharge is allowed to cool 
slowly ; they also occur soitudimcs as a deposit in lead furnaces. 

According to the conditions of its formation lead oxide varies in 
colour from lemon-yellow to r(‘d or yellowish brown. Thus when red 
l(‘ad has hc.cu hi ated in a hard glass tube for the preparation of ox^^gen, 
the residue of monoxide is lemoJi-yellow in colour ; and when lead 
hydroxide is boihd with a 10 per cent, sodium hydroxide solution, 
a light yellow modification of the oxide is produced, whilst with a 
very coucciitratcd solution a red modification results.® 

The different forms of lead monoxide have been investigated by 
llucr,^ who finds tliat the ])ure oxide of a brownish yellow colour 
becomes light yellow when heated to about 620® C. and allowed to 
cool, again becomes brownish yellow on prolonged rubbing with con- 
siderable firessure in a mortar, but I’cturns to the yellow colour when 
the heating and cooling arc repeated. Rucr has further found that 

^ (Master, Zeilsch, aiwrg. Chnn.^ 1903, 36, 1. 

- stone ; a^yvpof:, silver. 

® Geuther, Anncden, 1883, 219, 66, 

* Ruot, Zeitsch, anorg. Ckem., 1906, 50, 265. 
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Geuther’s red oxide can be changed into the yellow form by prolonged 
heating at 700"" C. ; and he sugge5?ts that the yc^llow form is stable 
above 620° C., but unstable below it, and gradually changes into the 
more stable lu’ownish yellow form, this change being accelerated by 
friction and pressure. The yellow form of Ihe oxide is cousid(‘rahlv 
more soluble in water than the red form. It is uncertain whetlu v or 
not the brownish yellow oxide is identical with Genther’s rt d i)xidc ; 
the former is more solulj>le in water than the latU r, but this may b<;‘ 
due to admixture of the yellow oxide. 

The density of the yedlow oxide is 9-50 to 9-52 * or 9*28 to 9 ^0,'^ 
that of the lighter red oxide being 9*28 ^ or 8-74 tf) 9* 126.2 The melting- 
point of the oxide lies ^ b<‘twcen 885° C. and 906° C. ; its molecular 
heat of formation is 50,800 calories ^ or 50,800 caloric s.'^ 

Lead monoxide is easily n^duced to metal by various reducing 
agents, such as hydrogen, carbon monoxide, ]>otassium c\'n.nide, ca.rl>on, 
and carbid(?s. The reduction of th(‘ oxide }>y reaction wilh tlie sulpliide 
has already been noticed under t.h(' metallurgy of Ic^ad. According to 
Glaser,® PbO is reduced by hydrogen to PI)/) at 211° C., and to metal 
above 285° C. ; whilst a temperatim* above 800° C. is lu ecssary for 
n'duction of the oxide to metal earbon monoxidex^ Cla nueally, 
lead monoxide is an am[)hoteric oxide ; that is to say it dissolves in 
acids as a basic oxide, and in alkalis as an acid it* oxide*. This oxide 
redacts with ammonium chloride, prodmang a, basic chloride and 
ammonia, according to the r(\action : 

PbO + Nil, Cl — rb(()lT)C l + Nil, ; 

tlie pressure ® of the ammonia evolved is a fnnelion of tJie l,empera,tnre 
and reaches one atmosphere at about 42° C. Wluai boiled with sodium 
chloride solution h'ad oxid(‘ produces a basic le ad chloride' and caustic 
soda ; this reaction is the foundation of Seliecl(''s jiroeess e)f alkali 
maTUifacture. This oxide will dissolve- in a solutioti of sucrose*, e'spe- 
cially in presc-nee e)f alkali, anel may be sejiavateel froje^ some* ollu‘r 
oxides, e.g. arsemious oxide.® by this moans. 

Litharge is used in tlie arts in tlie manufael nre* of flint, glass, and 
for glazing earthenware ; also for making red lead, while lead, and 
various salts of lead, and as a drier for ])ainteTs’ oih^. siieh as liiiseed 
oil, the setting of which, being due to oxidation, is aeee'le rated by 
litharge and certain other metallic oxides. 

Commercial litliarge may contain as inpiurities iron and ceippcr 
oxieles, as well as earbon dioxide and water absorbed from the air. 

Lead Hydroxides. —Two forms of lead hydroxide* are known : 
2PbO.I[,,0 or Pb20(OH)2, and 8Pb0.1l2C) or Pb.,Oo(qn )2 ; the orlho- 
hydroxielc, Pb(OIT) 2 , appears to be unknown in tlu* solid state.. 

^ flucr, Zeilsch. anorg. Chem.^ 1900, 50 , 20.5. 

® Guather, Afinalcn, 188.*!, 219 , 50. 

® Kwf^r, ibid. (835*^6.); Doeltz and MoBtowilHcb ( 000 '^ Cl), Mrfalhirnitu 1907, 4 , 2H9 ; 
MostowitRch (883® 0.), Metalltirgif., 1007, 4 , 647 ; vSehoneik an<l Kaswslacb (879" (* ), Hvr.. 
1907, 40 , 218.5, 2947 ; 1908, 41 , '2917. 

♦ ThomHnn, J. prahL Chem.^ 1875, fii], 12 , 18, 80. 

® Berthelot, An7i. Chhru Phys., 1873, [iv], 30 , 191. 

® Glaser, Zeitach. anorg. Chern., 1903, 36 , 13. 

’ Schlagdenhaiiflen and Pagel, Compt. rend.^ 18!>9, 128 , 3!)U. 

^ Isambert, Compt. rend.., 1880, 102 , 1313 ; see also O. do (!oninck and Ar 7 .;>lior. Hull 
Acad. roy. Bdg., 1907, 713, 800. 

* Bab€ and Witter, Chem. Ztnlr.y 1908, i, 1863. 
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Ph20(0H)o is formed by the action of water containing dissolved 
oxygen on metallic lead ; by precipitating lead acciate or other lead 
salt solution by alkali hydroxide or ammonia ^ ; and also by allowing 
a solul.ion of lead oxides in pota.ssium hydroxide to slatid in the air, 
when ilie absorbe d carljon dioxide disjdaces hydrat(*d lead oxide from 
combination wiili alkali, so that Pb20(0H)2 separate's in quadratic 
crystals.*^ 

Pb;j02(01I)2 is prepare ?d ^ from the corn'sponding basic acetate, 
PbyO 2(021130 2)25 by mixing its saturated aqueous solution with 
ammonia, and allowing the solution to stand at 25 °- 30 ^ C., with careful 
exclusion of air. The hydroxide then separates in shining octahedra. 
A product of tli(‘ same com])osition is obtaincid by preciintating a h^ad 
salt solution with caustic alkali, and drying the precipitate at 100 ° C.,'^ 
and also by preeipitaling a h'ad salt with baryta w^ai-(‘r at atmospheric 
temperature. 

Lead hydroxide is distinctly soluble, in wate r, to which it imparts 
an alkaline reaction. A saturated solution of Pb302(011)2 at 18 ° C. 
contains, aecordiiig to Pleissner,^ 100-5 m.g. PbO per litre, Biur^ has 
found, by the conductivity method, that the solubilitie s in water at 22 ° C. 
of the various forms of h ad oxide*, witli the* exee])tion of (ieuthe r’s rc‘d 
oxide wiiieh is less solubh*, licdx twes n 1 * 00 Xl 0 ‘^ and 1*12 Xl 0 ~^ grarn- 
(‘quivalents per litre; wiiilst Herz’ has calculated the solubility of lead 
hydroxide at 25 ° (‘. to be 0-03 X 10-^, At 130 °C. h ad hydroxide* loses 
all its water, being convert(*d into tlu; oxide. 

It has already Ix'cn stated that lead monoxide is an amphoteric 
oxide ; thus th(‘ hydroxide* behave^s both a.s a w’e ak base and a weak 
acid. 

It is possible that in a solution of h*ad hydroxide in water, which 
is alkaliiic in reaction and therefore contains hydroxyl ions, ionisation 
has j>roceedcd in two stages, thus : 

(1) Pb(OII)2— Pb(()ll)- f OIP 

( 2 ) Pb(()H)- Pb - + OIP. 

From the work of Th rl and Auslerw'eil,® howe ver, it appears that only 
the first reaction is to he coiisiden'd as taking ])lacc, a.nd that ionisation 
has procennlcd to the extent of about 28 ])er cent. The same* authors 
have determined the solubility of h‘ad oxide in sodium hydroxide 
solutions of different concentrations a.nd tem])('ratures, and conclude 
that wh(*n the alkali solution is bdow normal strc'ugth the sodium salt 
IIPbOONa of the monobasic aciil IlPbOOIl is produced in solution, 
but that with more concentrated alkali solutions th(* sodium salt 
Pb(ONa)2 of the dibasic acid Pb(OH)2 is formed to some extent. Thus, 
towards weak alkalis lead hydroxides behav(*s as if it were ionised 
thus : 

Pb(OH )2 - PbOoir + H* ; 

^ SclmtTnor, Anv, Ch^w., 1844, 51 , 175. 

® Lud(‘kin,ii:. Amer. Chetn, J., 1891, 13 , 120 . 

® Paycn, Ann. Chim. Phys.., 18;i7, {ii], 66 , 49; 1860, [iv], 8 , .302. 

•* Muldor, J, 'prnJit. 0hr7n.^ 1870, 19 , 79. 

® IMt'issnor, Arbaiien Kai.scrL G('sun<Iheii<samte^ 1907, 26 , 384; sec also Chem. Zentr.. 
1907, [ii], 1055. 

“ Rucr, Zdlsch. anorg. Chem., 1906, 50 , 273, 

’ Herz, Zeitsrh. anorg. Chrni., 1910, 68 , 421. 

** Borland Austorwcil. Zeitsch. ElcktrorMm., 1907, 13 , 165. 
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and the dissociation constant of this acid at 18° C. is found to be 
I'l X \vhit‘h shows Ic^ad hydroxide to b(i a weaker acid tlian 

phenol. 

Ilaiitzseh,^ howevtT, jinds no (‘vid(‘nct' thnl hydroxides of the type 
M(011)2 can heliave as dibasic acids, and regards tlu ir salts as always 
derived from acids of IIk^ formic acid typ<‘ IlMOOII. Moreover, he 
has shown that tlie hydroxides of lead, tin, and gt rmanium arx' hable 
acids whose strengths increasi‘ in the order in Avhieli the metals are 
named. 

Lead monoxide dissolves in lime and baryla water, forming yellow 
solutions, and also in strong solutions of calcium and strontium 
chloride. Lead hyiiroxide combines with ]K)lyhydric alcoliols and 
hydroxy-carboxylic acids to form compltx compounds in solution in 
which tli(‘ lead is very little ioiused.‘‘^ Alkali plnmbite solution is ust‘d 
as a mordant in col ton dyeing. 

Lead Dioxide (Lrnd Pert \ridr, P uce-coloun'd, Oxide of Lead), PbOo. — 
This oxide occurs nalurally as plait aerife, el’yslallised in hexagonal 
prisms, and may lx; obtained artificially in six-sided tabhds. It Avas 
discoA er('d by Sclie(‘l(‘, Avho found that rtd lead is turned brown by 
ehh)rine Nvati r ; Priestley notiei'd that nitric acid similarly changes 
red l(*a(l, but Proust and Vaiiqiu'lin ^ Avere the first to (^xaminc this 
compound systematically. 

Preparation, — Lead dioxieh* may be pri pand in many ways. It 
may be obtained from the monoxuh*, from lead salts, or from red 
lead by the action ui)on them of chloriiu; or bromine Avater, preferably 
in presciic(‘ of alkali, by fusing litharge Avith ])o 1 a,ssium clilorate, or 
by oxidising it aaHIi alkaline }x-rmanganal<' or polassium ferricyanide ; 
also by the action of ozone (Schonlxan) hydrogcai ])eroxi(h\‘’ and per- 
sulphates on lead sails, as well as by tlie hydrolysis of ])himhic salts. 
An interesting examjde of this lattt r reaction is shown by dissolving 
nxl lead in glacial ace tic acid and tluai pouring Ihe solution into water. 
Red lead is a conqiound of PbO ajid Pb 02 , and its solution in glacial 
acetic acid contains lead di- and tedra-aeedates, the; latter of \vhi(*h is 
hydrolysed by AvaUa*, Avith ])re(*ipilation of th(‘ dioxide. If n-d lead 
is digested Avith dilute nitric acid it dex s not dissolve as a Avh(>le, Ixx.’uuse 
plumbic nitrate is not formed. Tlie result is, therefore, the formatifin 
of lead dinitratc in solution with sej)aration of the dioxide, thus : 

2Pb0.Pb02 -f- 4 IINO 3 - 2Pb(N03)2 H t- 2 H 2 O. 

AnothcT important method of obtaining h ad jxu’oxide; is by electro- 
lytic oxidation, so that it sc'parates at tht‘ anode Avhen a suitabh; h^ad 
solution is electrolysed. When electrolysis takes ])]ace in alkaline 
solution the ciystaliinc hydrate IloPbO^ is dejx)sil(xl, when in neutral 
or acid solution the anhydride is oldained, and its separation serves 
to estimate lead electrolytically.^ Lead dioxide is also jireparcd by 
the electrolysis of a solution of sodium chloride in which the inonoxidi* 
is suspended.® The sodium hydroxide formed by electrolysis dissoKes 

* llaiitzsfh, Zeitsch. anorg. Chtm., 1902, 30, 2S!). 

- Kahlexterg, Zp.itseh. ‘physikal. Chem.., ISOf), 17, 577. 

* Vauquelin, Ann. Chim. Phga., 1807, li], 62, 221. 

4 BayUy, Phil. Mag., 1879, 1'v], 7, 120; Zotirr, Jhdl Hoc. rlnm., 1912 , \\vl 13, 01. 

® Wolman, Zeiisch. Elcliroch.m., 1897, 3, 527 ; Hoilard, Compt. rend., 1902, 136, 229; 
Sand, Trans. Farad. 8or., 1910, 5, 207, 

® Chemische Fabrik. Gricsheim-Kluktron, Gcrnmn Patent, 124,512, 
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the lead oxid forminpf phimbite, and this is then oxidised by the 

hypoelilorite present with precipitation of the dioxide. 

Colloidal, liydrated, lead dioxide is formed by the hydrolysis of 
ammonium plunibi chloride by much water, thus : 

(NH 4 ) 2 PbCl 6 + 41120 - rb(OII )4 + 4HC1 H 2NII4C1 ; 

the solution, which is brown, is unstable, and soon becomes colourless 
on account of the reaction : 

Pb(0H)4 + 4irci = PbClg + CI2 + 4II2O.1 

Lead dioxide is prepared commercially by tlu^ method of Liebig and 
Wohler, which consists in fusing 4 parts of litharge with 1 of ]) 0 tassium 
chlorate aiid 8 of nitre ; and also by a modern ])roeess in which lead 
sulphate is mixed with magnesia, and the mixture is suspended in hot 
water and treated wi t h chlorine “ : 

PbS04 + MgO = PbO + MgS04 ; PbO + MgO + Clg - PbOg + MgClg. 

PropeHies, — Lead dioxide, which is called puce-coloured oxide, is 
perhaps niorc^ accurately d(‘scribcd as chocolate-coloured. In its 
natural form it is a browm or grey crystalline powder which has a 
density of 9*80 to 0-45. Idic density of the synthetic substance lies 
between 8*90 and 919, Its molecular luuit of formation from lead 
monoxide is 12,100® or 10,100^ calories, corres])onding to a heat of 
formation from its (‘hunents of (>2,400 or OO, 400 (‘alories. 

Lead dioxide is chic‘lly ('inployed in the chemical laboratory, and 
in the arts, a.s an oxidising agent. When it is heated above 310® C. 
it loses half its oxygen and is converted into the monoxide ; at a lower 
temperature, howe ver, under th(‘ influence of sunlight it yields red 
lead, Pb 304 ; but, according to Reinders and Hamburger,® red lead 
is not formed when l<*ad dioxide is heated. WIkjii the dioxide is 
triturated with red phos]>li()rus or sulphide* of pliosphorus the mixture 
inflames ; on this aeeouiit it is used in making Swedish matches ; 
when it is rubbed with ordinary phosphorus an (‘xplosion takes })lace. 
Lead dioxide combines s])onlan{*ously with sulphur dioxide gas, becom- 
ing red hot and forming lead sulphatxj ; when, howe ver, it is suspended 
in sulphurous acid solution the following re actions take place ® : 

(1) PbO. + SO2 - PbSOg + O. 

(2) SO2 “1 O + H2O - H2SO4. 

(3) PbSOa + II 2 SO 4 - PbS04 4 IloSOg. 

The dioxide likewise combines quantitatively with nitrogen peroxide 
to form lead nitrate, and also oxidises ainmonin with production of 
the same salt. Ilydrocliloric acid is oxidis(‘d when boiled with lead 
dioxide, with liberation of chlorine, which may be passexl into potassium 
iodide solution ; the dioxide may then be estimated by the titration 
of the liberated iodine. Probably some lead tetraeliloride is forincxl 
in this reaction and decomposed again by heat. 

^ (autbier and Sauer, ZeiUcK Chem. ImJ. Kolloide^ 191.3, I2, 171. 

^ Friderick, Mallet, and Guye, Mon, 190G, [iv], 20, ii, 514. 

^ Tschcltzow, Gompi. rend.^ 1885, 100, 1458 

* Streintz, Wied. Anv/ileity 1894, 53, 698. 

* Reinders and Hamburger, Zcitsch. anorg. Chem., 1914, 89, 71. 

® Marino, Zeitsrh, anorg. Chem., 1908, 56, 2»33. 
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Lead dioxide oxidises chromic lu'droxide in presence of alkali to 
chromate, and from the yellow solution lead chromate may be pre- 
cipitated by acetic acid ; it also oxidises a manganous salt in presence 
of nitric acid to jXTinangaiiate ; both reactions are employed 

in cpialitative analysis. Phosphorus Iriehloridi' when warmed redacts 
vigorously with lead dioxide, had phosphate, phosphor\d cldoridc and 
lead chloride being formed ; and h5"po})hosphorous acid in atpieous 
solution produces lead phos})liate. 

Hydrogen peroxide in neutral solution is decomposed cataly t i(*a.lly 
by lead dioxide, but in acid solution a (|uantila[i\'c reaction takes 
piac(‘ thus : 

PbOa + JiPa + 2HNO, .. Pb(NO,). + 2HX) h ; 

so that l(?ad may be estimated by titration with hviirogiai peroxidt* 
solution after oxidation to dioxich* by bromim^ in ])n;senee of alkali.* 
Oxalic acid in presenct‘ of nitric acid is also oxidis(xl to carbon dioxide 
and water by lead pc ioxide ; aiid this reaction serves for the \ olumetrie 
c‘stimation of this hit tea* substance. 

Lead dioxide is reduced by hydrogen, the reduction b(‘gin7u’ng at 
181)'^ C. and yielding lead monoxide, which is not furtlur reduce d till 
the temperature is raised to 211'" ('ar])on nxiuces had dioxide 
at 260*^ C. ; carbon monoxide combines with it at 80° C., forming h ad 
carbonate, head pcroxidi^, either nuust or dry, glows wluai hydrogdi 
sulphide gas is passed over it, and the gas burns witii a charactiTisti(‘ 
call llanie.^ 

Lead dioxide is soluble in wat(T to the minutest (‘xtent ; it is 
distinctly more soluble in mineral acids, prt‘sumably with the forma- 
tion of plumbic salts. Under no conditions ilocs it give rise to 
hydrogiai j)( roxide ; and this may be taken to show that it is not a 
sup(?roxide like barium dioxide, but a polyoxide, that is a compound 
of (juadri valent lead, having the eonslitution 0=Pb- O. 

Like k‘ad motK»xide, the dioxide is an ami>hote,ric oxid(^ but in 
accordance witli the larger jwoportion of oxygen it contains its basics 
pro])erties are very feeble, whilst its acidic properties a,T\e more! pro- 
nounced than are those of the nionoxiile. Tlu! pluml)alt;s ^vill be* 
cemside'red here, the jdumbie e)xy-salts subse'epuiitly. Aecoreling te> 
Bellueci and Parravauo,^ there, are threr* types e»f plumbate s - as wt ll 
as of platinat(‘s and staimate-s — J{(t)X) 4 , and liO(OX).,, 
derived from the ortho- or rneta-aciels, thus : 

11(011)4 + 2XOH l{(OII)oX.. 

R(01I)4 + 2XOIT - R(0X)4 4 “ ‘-^H > 0 . 

110(011)2 -f 2XOH - R0(0X)2 I 2fl20. 

Plumbic Acids. — Of the three types of ))lunibic aeiel indicaterl a be)v<‘, 
n 2 [Pb(On) 6 ] may possibly e‘xist, Pb(OH )4 is uiiknowii, but ll^l^bO.^ 
has be!cn prepare !(i. 

Hexahydroxyplumbic Acid, and its Salts. — Wiiem 

dilute acetic acid is added to a solution of potassium pluinbate eoedexl 
with ice, a flocculent precipitate separatees which is lighter in colour 

^ Schlosaborg, Zeitneh, anal. Cliem.. J902, 41 , 735. 

* Glaser, ZeiUfch. anarg. Chem., 1903. 36 , 1. 

® Vanino and Hauser, Ber., 1900, 33 , 025. 

* Bellueci and Farravano, Oazzelta, 1905, 35 , ii, 500. 
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e ven than Icriic hydroxide. It gradually turns brown, however, and 
when dried in the air ]>roduces lead dioxide,. This precipitate may be 
Il2|Pl>(OH)o], because potassium plumbatc, from which it is derived, 
is h(TK*ved to be KJ PbfOIIlc]. 

Colloidal Plumbic Acid is obtained by the dialysis of potfissiuni 
plumbate solution, which is completely hydrolysed at ordinary atmos- 
ph(Tic temf)erature into PbOg.Aq -|~ 2KOH.^ The hydrosol finally 
obtained, which contains PbO^ and KgO in the ratio 98*13 : 1*87, may 
be filtered, boiled, eva])orated to a syruj), and again dissolved in water. 
Th(; small amount of potash ])res(‘nt— the “ Solbildncr — is of the 
same older as the amounts of hydrochloric acid necessary for the 
cxist(*nce of the hydrosols of aluminium, chromic and ferrici hydroxides. 

Potassium Plumbate^ K2pb03.3M20 or K2pb(OIl)(., w^as prepared 
by Fremy ^ and Seidel,^ and subseqiuaitly hy Bellucci and Parravano,^ 
wdio lu ated 100 grams of ])otassium hydroxide in a silver dish, with 
20- 30 grams of water, and addt‘d as much l(‘ad dioxide, made into a 
])astc with w^ater, as would dissolves The filtiTcd solution was then 
eva])orated in vacuo ov(‘r sulphuric acid, wlu n colourk'ss, rhoinbohedral 
crystals were obta.ined, which were isomorplious with ]iota.ssiuin stannat(‘ 
and platinatc. This salt is beli(‘V(‘d to have its wat(‘r intimately 
combined, and not simply as watiT of crystallisation, both on account 
of its isomorphism with the similarly constilutf^d stannatc and platinatc, 
and because the water cannot be driv(‘n off at 100° C., but is only set 
frcjc when the salt is strongly heated so as to undergo the following 
change : 

KgPlHOIl)^ - 2KOH + PbO + O + 2II2O. 

To sodium plumbate llohnel ® attributed tlie formula NagPbOjj.OllaO ; 
but, according to Bellucci and Parra vano, th(‘r(‘ is no sullieient reason 
for supposing that its constitution differs from that of the ])otassium 
salt. 

By measurtune nts of electric conductivity, and degiHc of hydrolysis 
of ethyl acetate, Parravano and Calcagni ® have determiiu^d tlu* extent 
to which })otassium plumbate is hydrolysed in aqueous solution ; and 
they find that whilst a concentrated solution contains a small proportion 
of undecom])osc;d salt, the amount of this diminishes on dilution ; and 

that in a molecular solution all the plumbat(‘ has been resolved 

1 1 ) 3 ? * 

into alkali and colloidal ])lumbic acid. Tlu‘ scries lead, silicon, tin, 
re presents the order of increasing acidity of these elenuaits. 

Lead Plumbate. — A liydrate of lead sesquioxide, which probably 
has the constitution Pb[Pb(011)6l, is obtained as an amorphous, orange- 
yellow i)recipitate by decomposing an alkaline solution of the monoxide 
with potassium plumbate (Bdlucci and Parravano). 

Salts of Odhoplumbic Acid^ Pb(OII)4. — x\Ithough orthopliimbic acid 
is unknown, its alkaline-tairth salts have been prepared, and its lead 
salt is tile important compound knowm as red lead. 

' Bollucci and Parravano, Aili R. Accad. Linceif 1906, fv], 15 , ii, 542, 631. 

- Fr 6 my, Ann. Chim. Rhy.s., 1844, liii], 12 , 48S. 

® Seidel, J. prakt. Ghcm.^ 1879, 20 , 200 . 

* Bollucci and Parravain), ZeAtsch. anorg. Chem.t 1900, 50 , 101, 107. 

Hohiiel, Arch. Pharm., 1894, 232 , 222. 

® Parravano and Calcagni, Oazzeita^ 1907, 37 , ii, 26 
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Calcium Orthoplumbate, Ca2Pb04, is Ibrnuxl by licating lime with 
lead dioxide, or witli the monoxide in prescnee of air.^ Tins latter 
reaction is interesting^, since it is tlic presences of a base which secures 
the oxidation of monoxide completely to dioxide.^ The absorbed 
evolved a.^ain when the salt is mor(‘ strongly hefded ; the 
reaction is thus a reversible on(', aiul it lias Ixt ii {)ro]:)osed to employ 
it for abstracting oxygen from llie air, and also to use Ihe salt as an 
oxidising agent. The dissocinlion pressure of ealeiiun plumbate has 
been studie d by Le Chatelier.*^ 

With water the crystalline hydrate Ca2pb04.1l20 is formed. The 
sn-lt is stabh‘ in air free from carbon dioxide, but when it is suspended 
in water and treated with dilute^ acids or carlKin dioxide lead dioxide 
separates. 

Strontium and barium piumhales are similar to tlu' calcium salt. 

Lead Orthoplumbate, Red Lead {Mhiiinn, Paris Hcd^ Saturn 
Cinnabar), Pb^O^. — Pliny a])pcars to lia\ (.* Ix cu acqua-inted with this 
oxi(l(?, which lie des(*ribcs as ntiniani, IhougJi probably cinnabar and 
rt‘d sulphide of ars<‘uic were c<ad‘usi‘ii witii it. Dioseorides stales that 
it can be obtaiiu'd from white; lead, and Ch her dt scribes its preparation. 

Ued lead is usually prc jian d by lieatiug tin; yi Ilow', })ovvd(a*y form 
of l(‘ad moiiuxid<*, known as massicot, to dull r(‘dm*ss (400'' (,!.) for 
twenty-four hours in a reverberatory furnac(‘ with a ])l(*ntifnl air- 
supply, or ill barrel-shaped vessels open at the (‘uds to allow of air 
circulation. The; muss is frequently stirred, and samples are removed 
from time to time, and allowed to cool, lo sec if tin* })r(>pcr scarlet 
lint has been attaimd. While l<‘ad, liow(‘\ ( r, is fr<^f|uenlly tlu; starting- 
point for the nianufacliire of r(;el lead. Red lead is also formed wJien 
lead monoxide and dioxide are lu aied togt ther in tlu* right profiortion, 
as well as by heating had monoxide; with nitn*.^ Finely divided lead 
also is oxidised spontaneously in the* air lo red lead.^* ()n account of 
its usual inamicr of pr(;])aration nd h'ad is liable to contain the mon- 
oxide which has escaped oxidation ; tiiis may be n iuoved by repeatedly 
digesting the peiwder with kad ace'tate; solid ie>n. 

Pure red lead may be; prepared !>y lu‘ating Ie‘ad monoxide with 
potassium nil rate, accemliug tei the react ie>u 

;3PbO + KNO3 Pb.,04 -1 KNO2 

and (ixtracting imchange'd meuu^xielc with le^ael ace tate solutiein ; or 
by heating the dioxide and potassium nitrate; to 470'' C. : 

JJPbOa + KNO3 ->Pb304 + KNO3 -h O2, 

and extracting the resulting mass with potassium hyelroxide or lead 
ace; tat e solution.® 

He;d lead crystallises from fuse*el nitre in small jirisms ; and it has 
a density of 8 G2 to 9-08. When this oxiele is h(;ated it turns violet 
and then black, but re*gains its scarlet coleiur on cooliiig. This is an 

i Kassnor, Arch, Pharm., 1890, 228, 109 ; 189-4, 232, 375 ; |S05, 233, 501. 

“ Cojrijiaic the atinowplieric oxidation of and MuOg in prcMcnce of alkali, tO 

chromate and inanganate. 

® Le Cliate;licr, Comjit. rend., 1894, 117, t09. 

* Burton, Dingier' s 'ijvly. J,, 1803, 167, 301. 

* Schonbein, J, %yrakl. (Jhem., 1858, 74, 323. 

® Milbaucr, Ckem, ZeiU, 1914, 38, 477, 559, 506, 587, 
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enuntiotrojHC cliange, Aviiich has been studied by Le Chatelicr,^ who 
estimates the transition ttanperaturc of thci two forms to be 580® C., 
whilst the nujltiug-point of the compound is 830® C., and its dissociation 
])r(‘ssures an^ : 

Temperature, ® C. . . . . 445° 500° 555° 630° 

Dissociation Pressure, mm. llg. . 5 60 183 703 

The conditions of formation of red lead from haid monoxide by th(i 
absor])tion of oxygen have becai studied by Milbauer,^ who finds that 
this absorjAtion which begins at ordinary temperature becomes sufiieient 
to be measured at 240° C. ; that at 320°-450° C., whilst the amount of 
absorption has increased tlie product has not become red, but is brown, 
and ]U'obably contains tlie sescpiioxidt* PboOjj ; above 450° C., however, 
a red colour appears and red lead is formed, whilst at 470°“480° C. 
100 })er c(‘r\t. of red l(‘ad is formed under pressure.^ Ked lead is com- 
pletely decomposed at 530° C. in a vacuum, but the teinperatun^ of 
compi(‘te d(‘eompositi()n is higher wh(‘ji air or oxygen is ]>res(‘nt. The 
curve' of d(‘eomjjosition has breaks showing the formation of the oxides 
Pb./)3, Pb 30 „ Pl)0.4 

Reinders and llamburgca*,^ however, who have studied the thermal 
dissociation of red h^ad, according to the n^action 

2 Pb 304 ^ OPbO -f O2, 

state that the i)rcssurc- temperature curve betw(;cn 445° C. and 007° C. 
is n.'gular. 

Dry clilorine converts red lead into lead dichloride and oxygen, 
lied lead is practically^ insoluble in water; dilute acids decompose 
this oxide forming a salt of bivalent lead, with se[)aralion of lead 
dioxide ; but with eonceiiLrabtd acids the unstable plumbic salts arc 
formed. Eor examj)le, glacial acetic acid produces a mixture of the 
two acetat('s, thus : 

Pb304 + 8HC2H3O2 = 2Pb(C2H302)2 + + 41X20. 

According to its formula red lead should contain 34*9 per cent, of 
lead dioxide; the commercial product, however, g(.nerally contains 
about 20 per cent,, of the latter oxide ; and besides lead monoxide it 
may contain as impuriticjs oxide of iron, pow^dered heavy spar, and 
brick-dust, which should be regarded as aduUi rauts. Various methods 
are available for the analysis of red lead ; these depend upon its oxidis- 
ing power, which is a measure of the proportion of lead dioxide contained 
in the specimen. The samph^ may be heatt d with hydrochloric acid, and 
the evolved chlorine passed into poLissium iodide, the liberated iodine 
being titrated with thiosulphate (Bunsen) ; or the iodine may be liberated 
directly from potassium iodide without distillation,® and similarly 
titrated. Another method depends upon the oxidation of oxalic acid 

* Le- ChaU'licr, Bull. JSoc. chim., 1897, [iii], 17 , 791. 

Milhaiun-, (.’Aem. Zeit, 1909, 33 , 513, 522, 950, 960. 

Milbauer, Chem. Zeif., 1912, 36 , 1436, 1484. 

* Milbauor, Chem. ZeiLy 1910. 34 , 138, 1341 ; Brown and Necs, J. Ind, Eng. Chem., 
1912, 4 , 867. 

« Reinders and Hamburger, Zeitsch. anorg, Chem., 1914, 89 , 71. 

« Topf, Zcitifch. anal. Chem., 1887, 26 , 296. 



LEAD AND ITS COlilPOUNDS 409 

to carbon dioxide and water by the red lead ^ ; excess of oxalic acid 
is used, and what remains is titrated with permajij^Miuitt'. 

On acx'onnt of its fine colour, red lead is used as a pi, lament ; it is 
also eniploytd as a ciiiKut for steam joints, in Ihe juamifaeture of 
secondary batteries, and for niakinjf Hint glass. 

Metaplumbic Acid and its Salts. — MetapJiunhie aeid, PhO^, 11.^0 
or IfgPbOy, is foriiKrd at the anode during the elect roI\ sis of a fe(‘bly 
alkaline solution of h ad sodiiuii tartrate.^ It is a black, lustrous solid, 
having a density of G-2()7. 

Calcium MetaplumbateyCaPbOg, is form(‘d when the orlhophunbate 
is digested with waltu' and sodium ja roxide.*^ It is a whiti*, ervstalliiie 
powder, whieh, aecordiiig to analysis, eoiitains four molecules of wa.t<'r. 
The saiiKi salt is fornu'd, mixed with ealeium hydroxidt', wlun 
CaaPbO^. 411^0 is heated to 240'-25()'' C. so as to lost‘ tliree-cpiarters 
of its water.^ The orlhoplumhati^ is r<‘g<'n(‘ral (‘d when the meta-salt 
is heated with lime to 500 ’ C. /Silver, zinc, and cupric melaplumbait's 
have been prejiarc'd from tlie ealcimn salt.^ 

Lead Metaplumbate, Pb.PbO.^, jux^pand from the ealeium salt,‘^ 
is identical with lead se^squiu.vide, PbgO.^,*'^ to which Marino‘S attribute's 
the constitutional formula : 

Pb-rO 

1 

0 

1 

Pb=:0 

This oxide is, however, usually prc'parctd !)y carefully adding hy]>o- 
(^hlorite solution to a cold solution of alkali ]>limibite.'^ It may also 
be obtained by adding very dilute ammonia to an ace tic ae*id solution 
of red lead, or by hc'ating h'ad monoxide' or dioxides to 1^50'' C. in air 
or oxyge'ii, oxyge'n being absorbed or e‘\ (»l\ ( cl so th.'d Pb.,()y, tlie most 
stable.' product at this te rnf>e'ratm'c, may be* forme d. Lead se sepiioxide 
is a reddish yellow amorphous ju^wder whiedi lxha\(‘s towards acids 
similarly to red h^ad, in accordance wit)] the fact that it is h ad meta- 
j)lumbatc. A hydrated form of had se;squioxide^, to whicli Ih lluee'i and 
Parravano® attribute the constitutional formula Pb[Pb(011)(jJ, is 
obtaiuexl by jweeipitating an alkaline sohiiion of had monoxide with 
pot assi um pi u mbate * . 

Basic Lead Plumbate. — A product intermediate, belwe'eai 
and PbgOa exists, having the ein))irical composition Pb 507 .J 3 H 20 , 
which may be written 8Pb0.2Pb()2.3ll./). It is obtaiju'd^ as an 
orange-col oiired powelcr by prex*ij)italiiig with alkali hydroxide a solution 
of lead nitrate to which hydrogen peroxide has bi'en added. It is 
not simply a mixture of le*a(l monoxide and dioxide, sinc(^ erohl caustic 
alkali extraef-s none of the former oxide from it. 

‘ Lux, /li'itHch. mini Cham., 1880, 19 , 1.^)3 ; hoc also Jkek, Zt iiisch. anal. Chem., 

74, 405; and Marchese*., (Tiazzetta, 37, dt ^^0. 

^ Wernicke, Pogg. Annalen, 1870, 139, 182, 141, 100. 

Griitziier and Hdimel, Arch. Pharm., 18115, 233, 512 ; 1800, 234, 805. 

^ Kassner, Arch. Pharrn., 1805, 233, 501. 

Jacquelain, J. prakl. Cham., 1851, 53, 151. 

® Marino, Zaitsch. anarg, Ohtm., 1900, 62, 173. 

7 Schaffner, ArinaUn, 1844, 51, 175. 

® Bellucci and Parravano, Zeitach. anorg. Chem., 1906, 50, 101, 107. 

® Brauner, Zeitsch. anorg. Chem., 1894, 7, 2. 
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Another oxide, having the empirical composition PbgOg, and contain- 
ing 4‘2 per ec^nt. of active ox^^gcn, is formed when the nmnoxide is 
heal (id with oxygen in a pressure furnace as long as combination takes 
place,^ This oxide, which is dark brown, and resembles lead dioxide 
in appc'arauce, may be regarded as lead pyroplunibate, 2Pb0.^3Pb02 
or Pb2(Pb,0«). 

It should be added, however, that Reinders and Hamburger, “ who 
have studied the thermal dissociation of red lead and h ad dioxid(j, do 
not confirm the existenct^ of the intermediate oxides PbgOn, 1^)507, 
Pb, 0 «. 


I.EAD AND SULPHUR 

Lead Sulphide, PbS, occurs in nature, and is the prin(;ipal ore of 
lead. This ore has been know^n since the time of the nucients as 
galena, but that it containt'd sulphur w'as not reeogni/ed till modern 
ihiies, alLlioiigh Boyle was aw'ar(‘ that lead could be obtained from it 
by ]i(\atiug it wilh scrap-iron. Another name for the* ore is lead glance. 
It occurs in dark grey masses, having a metallic luslre, crystallised in 
regular cubes or octahe-dra, and shows a Avcdl-defined cubic cleavage. 
Caleua has a hardness of 2-5 and a density of 7-51 to 7 - 7 G. 

Artificial h‘ad sulphide may be pr(‘pared in tlu‘ di*y way, or by 
prc^cipitating a lead salt soluiion with liydrog(‘n snlj)iiid(; or otlier 
solublcj sulphide. 

Wlu'u lead is heated in sulphur vapour the metal burns and forms 
crystals or fused globuhis of the sulphide. Tlie sulphidti is also formed 
wduai l(‘ad oxide is heated with excess of sulphur. "J1ie fonnation of 
lead sul|)hidc by the action of atmos]>h(Tic liydrogeii sulphide on lead 
pigments is w^cll known ; it accounts for the darkening of oil-paintings 
by age, ami of structures coat(‘d W'ith paint into the composition of 
which white lead enters. On this accomit no part of a chcnli(^al labora- 
tory should be covered with lead })aiut. Further, it is frecpieutly 
observt'd tliat powders containing lead eoinpouuds darken after exposure 
for a short time to the air of a laboratory in which hydvog( u sulphide 
is b(*iug ernjdoyed. 

WJicn lead suJpliidc is precipitated by hydrogen sulphide from a 
solution of lead a(?c*tate or nitrate the precipitate is anior[)hous, but 
when it is formed in a dilute solution containing free nitric acid, it is 
obtained crystallised in microscopic cubes. 

Whilst crystaUiscxl lead sulphide is dark grey the precipitated 
sulphide is browiiish black. The two forms differ in density ; the 
density of the crystallised compound is 7*48 ^ and of the amorphous 
7 *K 3 .^ Th<‘ melting-point of lead sul])hido lies in the region of 1000° C. ; 
that of galena has been estimated to be 1120° C. ^ ; ^the sulphide, 
howx vcr. sublimes below its melting-point, and a sublimate has been 
observed in a vacuum as low as 000° C.,® consisting of cubes which 
may be 1-5 mm. in diameter. On account of this prop('rty cr3^stals 
of sublimed galena arc oftcai obtained in lead works. The molecular 

^ Fi8di(?T and Ploetzo, Zeitsch, anorg, Chem., 1912, 75, 15. 

* Reinders and Hamburger, ZciUch, anorg. Chem., 1914, 89, 71. 

® Mourlot, Conipt. rend., 1896, 123, 64. 

* Clarke, Cotutanis of Nature, Washington, 1888, 

^ Biltz, Zeitsch, anorg. Ohem,, 1908, 59, 273. 

^ Pamm and Krafft, Ber., 1907, 40, 4775. 
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heat of formation of precipitated lead sulphide is 20,400 ^ or 20,300 
calories ; its s])ecilic heat, which varies somewhat with temperature, 
has a mean value of about 0*068.^ 

Lead sul])hide is reduced to metal wh(*n heated in a current of 
hydro^iCeii ; chlorine converts it into chlonde with the simultaneous 
formation of sul})hur dichloride, SClg, but in ])reseuee of Mat e r- vapour 
forms the peroxiele. Dilute nitric acid dissolves h'ad sulj)hide with 
the formation of nitrate in solution and separation of sul])Jiur. At 
the sanu‘ time some of this sidphur is oxidised to sulphuric acid with 
the cous(*quent formation of lead sulidiate ; and this is specially the 
case when the concentrated acid is employed, so that tiic sul})hide 
appears to be directly oxidised to sulphate. Hot eoneentrated hydro- 
chloric acid dissolves lead sulphide with evolution of hydrog<‘n sulpliide; 
and this sulj)hide is by no means insoluble in tlu^ dilute acid, so that traces 
of lead may remain in solution after tin; passiigc* of hydrogen sulphide 
if too miudi hydrochloric acid was pres(‘nt, and in the course' of qualita- 
tive analyj^s will subsequently b(; precipitated as hydroxide by ammonia. 
Several other suJj)hides are less soluble in water than h'ad sulphide, 
e.g. cupric and silver sulphide's. Consequently dou])le decomposition 
occurs wIk.'u freshly j)rcci)>itated lead sulphide is shakcjj with solutions 
of cuj)ric or silver salts. The solubility in winter of ])rcci pi tabid lead 
sulphide at 18" C. is 3-()0 x 10” ^ gram -molecules per litre ; that of 
the crystallised sult)hide is about a third this value.'* When lead 
sulphide is fused witli caustic soda in the air, th(‘ sulphide is oxidised 
to sulphate, which dissolves in the soda.^ This is au exain]>le of the 
inllueiice of a solvent upon oxidation, sinc(i the reaction dep(‘nds upon 
the solubility of lead sulphate in caustic soda ; it is analogous to tlu' 
oxidation of iruiuganesc and chromic compounds to manganate and 
chromate under t,h(j same cojiditions. Similarly, precipitated lead 
sulphide; is oxidise d and dissedved when it is boih'el with sodium ])e‘roxide 
and w\‘de‘r. 

Lead Sulphohalides. — The following suJphohalides of lead are; known : 
PbS.PbCl.,, PbS.tPbCla, PbS.PbBro, PbS.4PbBr2, PbS.4Pbl2. No 
sul])honuoridc is known. 

Lead Suljjhochlorides , — It is wtH known that whe;n hydrogen siiJ[)hide 
gas is passeel into a solution of a lead salt containing much iiydrochloric 
acid a elark red precipitate is obtained, Avhieh turns black if the .se.)]ution 
is diluted and hydregeii sul[)hi<l(; is again passed into it. This red 
compound is a lead sulphochloride which was originally su])pose‘d to 
be 3P])S.2PbCl2,® but is very probably PbS.PbCl^.’ Another sii]]>ho“ 
chloride, having the composition PbS.4PbCl2, is obtained by diluting 
a solution of lead sulphide in conceait rated hydrochloric acid.** 

Lead Sulphohromides. — PbS.PbBr^ and PbS. tPbl^rg can be pre- 
pared quite similarly to the corresj)onding sulphoehlorides.** 

Lead Sulphoiodide, PbS.4Pbl2, may be* obtained eillu'r by diluting 
a solution of lead sulphide in concentrated hydriodic acid, or by adding 

^ ''rhomsen, Thermochemifiche IJtitcr.surhunfjrn, iii, 453. 

Bcrthclot, Ann. Chim. Vhys., J875, [vj, 4 , 187. 

* Streintz. Boltzrmmn-Festuc/iHp, 11104. 

* Weigel, ZtiUch. j^hysikal. (Jhem.t 1007, 55» 293. 

® Mourlot, Corn pi. rciid.^ 1800, 123 , 54. 

« Hiinenfcld, J. prakt. Ohem., 1830, 7 , 27. 

^ Pannentier, C(mpt. rend., 1892, 114 , 299. 

^ I.«nlier, J. Ar/ter. Chem. Soc., 1895, 17 , 511 ; 1901, 23 , 680. 
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an aqueous solution of hydrogen sulphide to a solution of lead iodide 

in the same acid, or in concentrated potassium iodide solution.^ 

Lead chlorothiohismuthite^ PbS.BigS^/iBiSCl, and the correspond- 
ing bronio- and iodo-conipounds have been prepared by Ducatte.^ 

Lead Polysulphide. — A purplored polysulpliide of lead, having the 
composition PbSg, is formed when a solution of calcium polysulphide 
is added in excess to a dilute solution of lead nitrate cooled to 0® C. ; 
above lO"" C. this (!ompound decompos(\s into lead monosulphidc and 
free sulphur,** 

It was observed by Hofmann and VVolll^ that wdien lead halides 
dissolved in dilute sodium thiosulphate solution are exposed to light 
precipitates aix^ formed which are not lead sulphide, this alone being 
formed from t lie solutions in diffused light or in the dark. In the case 
of tlu* chlorides a nd precipitate of Pb^SgClg is formed, wh(a*eas from 
the iodide Pb 3 S 4 l 2 separates as a copper-red powder. The latter 
compound is also formc^d by the action of ytdlow ammonium sulphide 
solution on lead iodide. 

Lead Sulphite, PhSOg, is obtained as a white pre^eipitate when 
alkali sulphite is added to lead nitrate solution, or sulphurous acid to 
lead acetate solution.® This salt is easily oxidised and decomposed 
by acids ; heating converts it into a mixture of sulphide and sulphate. 

Lead Sulphates, — Lead forms the two sulphates PbS 04 and Pb(S 04 ) 2 , 
in which the metal is bi- and quadri-valent respectively. They are 
conveniently known as lead sulphate and plumbic sulphate. 

Lead Sulphate, PbS 04 , is found naturally as the mineral anglesite 
or lead vitriol, which often occurs in large transparent crystals, iso- 
morphous with those of cedestine and heavy spar. The salt may be 
pre{>ared artilicially by precipitating a lead salt vsolution with sulphuric 
acid or a solubles sulphate. Thus obtain(*d it is a white, microcrystalline 
powder. It may be obtained in a more distinctly crystalline form by 
causing it to be jjroduced slowly ; thus if the end of a platinum wire, 
co\'ered with fused lead chloride, is allowed to dip into a layer of water 
which has been poured upon the surface of a saturated solution of 
potassium sulphate, crystals of lead sulphate are gradually formed.® 
Lead sulphate is also formed by the interaction of lead dioxide and 
sulphur dioxide. 

For commercial purposes lead sulphate is pn pared as follows : 
Granulated lead is dissolved in acetic acid in steam-h(‘ated vats. The 
li(]uor is then poured off into a large.* wooden tank, and lexid sulphate 
precipitated by the addition of sulphuric acid. After standing, the 
clear liquid, consisting of acetic acid, is pumped back into the vats 
to xict upon a further supply of lead, whilst the precipiUited lead sulphate 
is washed xmd dried. 

Natural lexxd sulphate has a density of C-30 to G-39 ; the density 
of the synthetic salt is 6'17« The melting-point of the pure salt appears 
to be above 1100° C., but is dilficult to determine on account of the 
loss of sulphur trioxide at this high temperature.’ There is, however, 

‘ Lenhor, J. Amer, Chtm. Soc., 189.5, 17, 511; 11K)1, 23, 680. 

* Ducatto, Gompt. rend., 1902, 134, 1061. 

* Bodroux, Compt. rend., 1900, 130, 1397. 

* Hofmann and Wolfl, Ber., 1904, 37, 249. 

® Seubert and Elfcen, Zeitsek, anorg, Ghem., 1893, 4, 44. 

* Manross, Anmilen, 1852, 82, 360. 

^ Ramsay and Eumorfopoulus, Phil. Mag., 1896, 41, 360; Schenck and Raasbach. 
Ber., 1907, 40, 2186, 2947 ; 1908, 41, 2917. 
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n. transition point at 850® C. The molecular he at of formation of lead 
sulphate from its elements is 210,200 caloric^s^; the following are the 
heats of formation in otluT ways : 

Pb O2 "1- SO 2 ” PbSO^ -)- 145,100 calories. 

PbO + H2S04aq. ~ PbS04(ppd.) + aq. -j - 20,400 calorics. 

Lead sulphate is not quite insoluble in wate r ; at atmos})lKTic 
temperature 1 part of the salt dissolves in al.)out 22.000 parts of water. 
Dibbits - found that 1 litre of water dissolves 0*088 gram PbS04 ’ 
Sehiial ^ found 0*0824 gram. The (deetrie conductivities of acjueous solu- 
tions of lead sulphate at diffcTcnt tt inperalun's (*:f) have bee n na asured 
by Kolilrauseh/ and tlie eorrespondijig sfdnbilitics deduc ed thercdVoin. 

Tem]:)eraturc ° C. . 0*87 8*48 lO-OS 18 00 88*28 

Kt*10« . . . 10*78 19-,57 81*82 82*4 4S-5 

Mill imols. per litre 0*110 0*117 0*184 0 181 0*141 

Apjdying the* same priiieiple, but r<*ekoning tin* sail to be 82 per 
cent, ionised, Bbl.tger*'' has ealeulab cl the* solu])ility of l(*ad sulj>hate in 
water at 19*95® C. to hc^ 4*21 X 10 ^ gram per litn . a result; which agives 
closely with that of Kolilrauseh. It lias bean ]K)iiiU*d out, however, 
by Pleissuer,® that not only dcKvs the cpieslion of de gree of ionisation 
enter into tlu‘ ealeulation of solubility from eouduclivity data, but also 
that of hydrolysis. These authors have estimated tlic slate of an 
a(pi(‘ous solution of lead sulphate at 18° C. to be as follows : 

PbSOJ = 0*027 niillirnols. per litre? 

SO/'l 0*099 

Pb-*] = 0*002 

Pb(OIl)-] = 0*087 

H-] -r. 0*087 

Solubility product : [PI)‘*J X [SO,/'] —01*10”“^®. 

The solubility of lead sulphate is considerably less in dilute snlphurie 
acid than in water, but beyond a certain strength of acid llu* solubility 
again incroasos owing to the formation of complex ions. This is shown 
by the following fignre^s : 

Pcrccaitagc H2SO4 . 0 1 29 04 80 99 

Grams PbS04 per litre 0*040 0*027 0*012 0 040 0*197 0*72 

The solubilities of lead sulphate in hydrochloric acid of differemt 


concentrations at atmospheric lempeT 

fiture are as 

follow 

7 . 


(Jrams HCl per 100 grams solution . 

lOG 1G*8 

22*0 

27*5 

81*0 

Grams PbS04 per 100 grams solvent 

0*14 0*85 

0*95 

2*11 

2*8G 

and in nitric acid, also at atmospheric 

ternpcTaturc* : 



Grams IINO 3 per 100 grams solution 

lie 

17*5 

84*0 

60*0 

Grams PbS04 per 100 grams solvc'nt 

0*38 

0 59 

0*78 

1*01 


^ Thomaen, J. prakt. Ch^m.y 1875, fii], 12, 96. 

* Dibbits, Zeitsch. anal Chern,, 1874, 13, 139. 

* Selmal, Compt. rend,y 1909, 148, 1394. 

* Koblrausch, Zeitsch. physikal, CTiem.y 1JK)8, 64* 129. 

® Bottger, Zeitsch. physiknl, Chem., 46, 604. 

® Pleissner, Arbciten Kaiserl. Oesundheitsamte, 1907, 26, 384; Chem. Zrnir.y 1907, 
ii, 1055. 

^ S(4ailtz, son Scidoll, Solubilities of Inorganic ami Organic Substances (Crosby Lockwood 
and Son, 1911) ; Rodwell, ./. Chem. Soc., 1862, 15, 69. 
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Since jiminonium acetate solutioit is used as a solvent for lead 
sulphat(‘ ill cjiialitativc analysis, the extent of its solvent aetion is of 
practical importance. 

The following values hav(‘ been ohtaiiu il : 

Temperature ^ 25 ° C. 

(;ramsNn4C2lLP2p(T litre . . . 7-98 15*96 81*92 

Grams PbS04 per litre .... 0*686 1*88 8*02 

Temperature ^ 100° C. 

Grams NH^iCgllgOo per litre , 280 820 870 450 

Grams PbSO^ per litre . . 71*2 98*8 105*8 111*0 

It has b(‘en sho^vn by Fox ^ that wuth solutions of ammonium acetate 
up to a eonc(‘utration of 8N the solid phase consists of lead suljihate, 
but with mori^ concentrat(‘d solutions this ])hase consisted of crystals 
of (NIl4)2Pb(S04)2. 

When lead sulphate dissolves in sodium acetate solution tlie solid 
phases consists of PbS04, but wdicn it dissolves in potassium ac(‘tate 
there is double decomposition with the formation of lead acetate and 
potassium sulphate, the latter uniting with the hnd sul})hate to form 
the complex sul[)hate K2Pb(S04)2 as the solid phase. ^ 

Numerous other salts also iutT(‘ase the solubility of lead sulj^hate 
in water, prominent among which are ammonium nitrate, citrate, and 
tartrat(\ 

Ethyl alcohol diminishes the solubility of lead sulphate, wiiich is 
practically insoluble in pure alcohol ; hence alcohol is adde d in order 
com})letely to separate lead as sulphate in qualitative and (juantita- 
tive analysis. 

Lead sulphates reacts with sodium hydrogen carbonate according 
t o the equation : 

PbS04 + 2NaHC03 PbCO^ + Na2S04 + CO2 h H./); 

whence it follows that carbon dioxide under pressure transforms h^ad 
carbonate sus})ended in sodium sulphate solution into lead sulphate.*^ 

Basic Lead Sulphates. — By an inv(\stigation of the cooling curves 
of various fused mixtures of lead sulphate and monoxide Schenck and 
Rassbach ® have found evide nce of the existence of three l)asic lead 
sulphates, viz. PbS04.PbO, PbS04.2Pb0, PbS04.8Pb0, the first of 
which is the best dc'fuK'd. 

PbS04.PbO or Pb20S04 is formed by the action of ammonia on 
lead sul])hate,^ and by shaking together lead sulphate and lead hydroxide 
with water at 18 ° C.® It is obtained as a white, voluminous yiowder, and 
occurs as tlu‘ mineral lanarkite. PbSO4.3Pb6.II2O or Pb402(0II)2S04 
is formixl by the interaction of lead hydroxide and ammonium sulphate 
solution,’ or by shaking lead sulphate and lead hydroxide with w^ater.® 

^ Noyt^s and Whitcomb, J. A mer. Chetn. Soc.^ 1905, 27, 750. 

Duiinington and Long, Aiiicr. Chem. J., 1899, 22, 217. 

^ Fox, Proc, Chaw. Soc., 1907, 23, 200. 

* Fox, Trana. Cham,. Soc., 1909, 95, 878; see also Breinsted, ZeitscJi. physikal. Chem., 
1911, 77, IU5 *, and Blombcrg, Chem. WecJcblad.y 1914, ii, 1030. 

® Auerbach and Pick, Arbeiieti Kawcrl. Gemuidheitsamte, 1913, 45, 113. 

® Schenck and Rassbach, Bar., 1908, 41, 2917. 

^ Kuhn, Arch. Pharm.., 1847, 50, 285; Stromhedm, Zei1f<ch. anorg.Chem., 1904, 38, 443. 

** Plcissner, Arbeiten Kaiacrl. GesuiidhcitsanUe, 1907, 26, 384. 
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According to Plcissncr 3 litre of saturated solution at 18 ° C. contains 
13-4 mg. of PbSO^.PbO and 26-2 mg. of PbSO^.SPbO.IL/). 

A basic lead sul)i)hate known to the trade iiudc r tlu‘ n.'ime of Purex 
is made by volatilising galena in a current of air. The ]>roduct eon- 
stitutes a useful while ])igmeut, much less poisonous than ordinary 
white lead. 

Lead Hydrogen Sulphate, Pbll2(S04)2.1U0. — Lead dissolves in 
hot and moderately concentrated sulphnrie, a(‘id, in which also lead 
sulphate dissolves, forming an acid sulphab‘ in solution. When this 
solution is diluted with water lead sul})ha,te is prc‘ci])i{at(‘d, but if 
instead it is allowed to stand in the air crystals of the acid s.il- 
phatc Pb(ILS04)2. II2O arc deposited.^ Bari urn sulphate l)eha.ves 
similarly. 

Lead Pj/rosulphale, PbS.^O^, is formed by the union of PbSO^ and 
SO3.2 It has not, however, been obtaiiu^d pure. 

Plumbic Sulphate, lead disulphate, 1*13(804)3, is fornuxl by the 
electrolytic oxidation of Ji ad in prcscaiee of sulphuric acid. It was 
prej3arcd by Elbs and Fischer^ by the (*l(‘ctrolysis of sulplmrie acid of 
density 1*7 to 1*8 ^vith a lead anode. The temperature ilid not. excei d 
30 ° C., the eiiiTcnt density was 0*02 to O-OO a.inp(‘r(' per sq. cm., and 
the anode was se}nirated from the calhodt' by imnu rsit^n in a porous 
pot containing a considerable volnnu; of the acid. Tlu^ anode mud 
contained GO to 85 per cent, of ]3him!)ic sulpha.t(‘ ; a purer ])ro(lnct 
snbs(‘qiicntly ciystallised from the anode licpiid. Th(‘ eryslaJs of 
])hnnbie sulphate w(T(‘ of a, faintly greenish yellow tint, but yielded 
a pra,cliea.lly while' j)owde'r wheai drieel on a poreais platen They conlel 
not, however, be eom})le't('ly frc'e'd from sul[)hnric acid. 

One hnudre'd c.e. of suljdiuric acid disse»l\e‘ about ()'.‘M 5 gram of 
plumbic sulphates at 30 ° (k This sail is hydrolyse'd by ’water into 
sulphuric acid and lead (lie)xide ; the^ same eiTe et is j)ro(Iiie(3d more 
slowly by the; action of sulphuric acid of elensity less I haul * 65 . 
Hydrolysis, how(‘\er, takes place in twe) stagejs,'* the Ijasic suljdiate 
Pb()S04.Il20 beang an intermeeliate* prodned.. 

Cemecntrate el liydreK'hloric aciel dissolves ]3!umbie‘. sul])hate forming 
a yedlow solution cemtainijig lead te'.traehloriele or ehlorophimbic acid; 
glacial aee lie acid also eiissolvcs the salt at 40 ° (L anel white' 
neealles e)f tlie tedra,-ae*e 4 ate^ eryslallise from the' se>lnlion e)n e'ooJing. 
Sodium aeelate solutiem like;wise dissolvers plumbic sulphate*, forming 
sodium plumbi-aee tate' ; de)nble salts, such as K2Eb(S04)., anel 
(NIl4)3Pb(S04)3, arc also fe)rmcd with sulphate's of tlie* alkali metals, 
ammonia, and arniiie^s. Colei concentrated sodium hydroxide; sejhition 
forms sodium ])lumbat(‘. 

Plumbic sulphate rerse'Uiblcs, but is more eaicrge'tk* than, Ie;ad dioxide 
as an oxidising agent ; ferre)us salts are oxidiseiel to fe'rrie, alcohol to 
aldehyde, and oxalic acid to carbem die>xidc by this compoimd. These 
oxidations are acce^mpanied by the separation of lead sulphate, without 
the a[>pe'araiice of the dioxide. 

Lead Persulphate, PbS20g.(?)3ll20, is formed in solution by adding 
h'ad carbonate to peTsnlphnric acid solution, and is obtaineel on cA^apora- 

^ Schultz, Pogg» AnnaJen^ 1868, 133 , 137. 

^ Schultz. Bcr., 1884, 17 , 2705, 

* Elbs and Fischer, Zeifsch. EkMrocImn., 1900, 7 , 34.3. 

* Pole^alek and Finckh, Zeitsch, anorg. 1906, 50 , 82 ; 1907, 51 , 320. 
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tion in vacuo in ill-clefincd, deliquescent cr}^st^lls, very soluble in watcr.^ 
From a solution of kad persulphate alkali precipitates lead hydroxide, 
which is quickly oxidised to the dioxide. It is noteworthy that this 
sail, is isoiiKa’ic wiLh phinibic sulphate, Pb(S04)2. 

Lead Thiosulphate, PbS.^O.j, is formed as a white ]jreci|)itate, which 
may be amorj)hoiis or cryslnllinc, when sodium thiosulphate is added 
to a lead salt solution. ^ Wheii heated it turns black, d(‘Composing into 
k^ad sulphide? and sulphate^, toge ther wath sulphur and sulphur dioxide. 
It burns in the air ; and when mixed wath an oxidising agent has 
been emj)k)y(‘d in the nn'inufaeture of matclK s free from phosphorus. 
Wh(?n sodium thiosulphate is added to a boiling solution of a lead salt 
containing ammoniun) chloride the whole of the lead is precipitated 
as sulphide,^ together with fr<?e sulphur.^ I^ead thiosulphate is very 
slightly soluble' in water ; according to Ramm(?lsb(‘rg,® 1 })art dissolves 
in 3266 parts of water. TIot watcT decomposes tliis salt, ])roducing 
sulphide, sulphate, and free sulphur, with small amounts of sul])huric 
acid, the main react ion iK'ing : 

4PbS203 - PbS + 4S + «PbS04.« 

It is more soluble in thiosulphate solutions, owing to the formation of 
complex salts, a number of which are k)iown. 

PbS 203.1^28203 is a crystalline salt which rea.dily absorbs and is 
decomposed by w\ater wilh formal ion of lead monosulphidc'.’ 

PbS.203.2Na,2S203, obtained by adding lead aec?tatc to concentrated 
sodium thiosulphate solution, is crystallin<\ and slightly soluble in water.*^ 

PbS203.2K2S20.5.2ll20 crystallises from a saturated solution of 
lead thiosiilphab? in potassium thiosulphate solution.^ 

The following sails also (‘xist : 

PbS203.2(Nll4)oS203. 311.0,5 PbS.O3.2Cs2S.O3. 311.0,® 

PbS.0'3 • ^KbgSgOa . 21 1.0,5 PbS'Og . 2CaS.bo. 41120.5 

PbS203.Cs2S203.2ll20> 

Lead Dithionate, PbS20(,,4H20, crystallises from a solution of lead 
earbonate in dithionic aeid.^ in stable, hexagonal crystals, isomorphous 
with the corrcsj)ondi ng calcium and stroiitiiiin salts. The tri- and 
letra-thionates, PhS-^O^^® PbS 40^.21120,^^ respectively arc also 
known. 

LEAD AND SELENIUM 

Lead Selenide, PbSe, occurs in natim? as the rare mineral claua- 
ihalite^ and may be pn'pared by fusing the two elements together, 
or by precipitating a lead salt with hydrogen sek'iiidc. It may 
be olytained in a crystalline state by melting selenium with excess 

* Marshall, Twww. Chern. Soc.^, 1891, 59, 782. 

® Letts, Her., 1870, 3, 922 ; Fojjfh, Gompt. rt:nd., 1890, no, 522, 671. 

® Faktor, 7jpJtscli. anal. Chem., 1900, 39, .345. 

* Norton, Chem. News, 1901, 89, 254. 

Rammelsborg, Pogg. Annahn, 1842, 56, ,308. 

® Perkins and King, Trans. Chem.. Sor., 1913, 103, 300. 

’ Meyer and Fggeling, Ber., 1907, 40, 1,351. 

* Wells and Walden, Zcitsch. amyrg. Chem., 1893, 3, 203. 

® lleeren, Pogg. Annale.n, 1826, 7, 171. 

Fogh, Gompt. rend., 1890, no, 524. 

“ Fordos and Gelis, Gompt. rend., 1842, 15, 920; Kessler, Pogg. Annalen, 1848, 74, 
249 ; Chancel and Diacon, Gompt. rend., 1803, 56, 710. 
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of lead, and dissolving away uncombined lead with nitric acid ^ ; also 
by reducing lead vselenate with carbon, by the interaction of hj^drogen 
selenidc and lead chloride vapour, or by fusing tin* pre(*ipitated siilpliide 
in an electric furnace. Crystalline lead seh nide is lustrous and bluish 
grey, and has a density of 8-l() at 15° C. It is slowly attacked by 
fuming hydro(!hloric acid, and luori* readily by nitiic acid. The 
molecular heat of foriuation of anior}>hous k*a(l selenide is 13,000 
calories, and of llie crystalline compound 15,800 calories.*^ 

When lead is fused with excess of selenium, two layers are formed, 
the lower one of which contains nearly twice as much selenium as 
corresponds witli the inonost^lenidc, while the !i})per iayt‘r is nearly 
pure selenium. The mouostlenide, however, is th(‘ only compound 
prcs(mt in the loaer laycT, the excess of selenium being due to the 
solubility of the ekmieut in th(‘ fused monosc lf iiide.^ 

Lead Selenite, PbSeO^, is a wkile powder, sparingly sokibk* in water, 
prei)aretl by decomjKxsing a len,d salt with seli'nious acid or ii soluble 
selenite, by dissolving lead oxide in the sanu* a<*id,^ or by oxidising 
lead selenide with nitric aeid^; it bises without deconi]H)silion, forming 
a yellow liquid. 

Lead Selenate, PbScD,,, was obtained by Uer/dius as a. white powder, 
dilhcultly soluble in water. When fused il- evolves oxygen, and is re*~ 
duced by hydrogen to sekrude,® The* basic salt PI)S(‘()4.3PbO. JL/) 
has been prej)ared from amniemium s(‘k“nate and leael hydre)xide.’ 

LEAD AND TELLIJIUIJM 

Lead Telluride, PbTe, occurs as the rare juineral altaite\ whicJi 
forms crystals in tJie ivgular systeuT), of ei<*nsity S*151> anel hardiu ss® 
31*85 kg. per sq. mni.^ This compound can be* ])repare‘d syutlietieally 
from its cleirK iits, and its inole'cular heat of formation is 11,400 calories.® 
Lead Tellurite, PbTeOg, was eie‘scribe*d by Derzetlius.^^tmd the: liydra ted 
salt 3PbT( 03.21120 ] las be e'll obtaine'd by Lenhcr aneJ Wok se usky.^^ 
Lead Tellurate. — Normal anel basic salts were deseribe*d by Ik'rzdius. 


LEAD AND NlTllOGEN 

Lead Azide (Lead Azoimide, Lead Ilydrazoate), Pb(Ny)j,. — This salt 
was prepared by Curtins by })reci]>itating sodium or ainmemium 
azoimide solution with lead acetate. It is soluble in excess ejf the 
precipitant, practically insoluble in cold water, but somewhat soluble 
in boiling water, a litre of which dissedve s about 0*5 gram. It crystal- 

^ llosslcr, Zeil-fich. anorg. Chetn., 189/5, 9, 43. 

® Fabro, Ann, Ohim. Phjs., 1887, [vi], 10, 505. 

* P^labon, Coffipt. rend., 1907, 144, 1159. 

* Marino, Zeitsch. anorg. Chem., 1908, 59, 450; 1909, 62, 173. 

* Fonzes-Diacon, Bull. Sac. cJiim., 1900, (iii), 23, 721. 

® Fonzcs-Diacon, Compt. rend., 1900, 130, 1131. 

’ Stromholra, Zeitsch. anorg. Chew., 1904, 38, 429. 

» Saldau, Ann. Inst. Mines, Petrograd, 1913, 4, 228; see also Kirnura, Mem. Colt 
8ci., Kyoto, 1915, 8, 149. 

® Fabre, Ann. Chi?n. Phys., 1887, fvi], 10, 505. 

Berzelius, Lehrbuch, 1856, Bd. 3, 8. 749. 

Lenher and Woleeensky, J. Amer. Chem. Soc., 1913, 35, 718. 

12 Curtins, Ber., 1891, 24, 3341. 
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lises from aqueous solution in white needles which resemble lead 
chloride, but turn yc-llow in the ii'^ht, and (*x]jlode when heated. The 
salt dissolves in warm act iie acid, but not in ammonia. Hydrazoic 
acid is conveniently ]>repared by distillation w^hen its lead salt is 
heated with dilute sulphiirie aeid.^ 

Lead Imide, PbNH, is one of tlu* new compounds prepared by 
Franklin by m(‘iu)s of reactions carried out iji liquid ammonia. Whcai 
lead iodide reacts with ])otassamidc in Ikpiid ammonia solution, the 
following reactions take j)la(*c : 

2PbL> f aKNlIg - PbaNglLJ + 3 K 1 -f NH3. 

VhU + 2KNII2 PbNH + 2KI + NII3. 

Pblg + HKmi^ - PbNK (?) + 2 K 1 + 2NH3. 

Lead imide may, however, be obtainc;d by gradually adding lead iodide 
dissolved in liquid ammonia to a similar solution of potassamide, until 
a considerable quantity is produced as an orange-eolounxl precipitate, 
which is then Ic'ft in contact witli the li<piid for twenty-four hours. 
Wh(‘n dri(xl, k ad imide is a reddisli In’own, dense, ainorj^hous mass, 
which is V(Ty explosive?. 

I'lie j)rodii(;t Pb2N2TT3T, whieli is formed when lead iodide is in 
exe(‘ss, is wliile, and is called mmnono-hasic lead iodide ; it may have 
the constitution repr(‘S(‘nt(‘d bv the formula Pb=N — Pb — I.NH3, but 
more probably is NII2— Pb™-NIT--PbI. 

An ammono-hasic lead nitrate, or lead nitroso-nitride-amraonia, to 
which th(‘ formula Pb2N(NO).?/NIl3 has been attributed, is a ^vhitc 
or pale yc^llow explosive compound fornu'd by the action of potassamide 
on lead nitrate in liquid ammonia solution. 

Lead Hyponitrite, Pb(NO)2, formed by the interaction of sodium 
hyponitrite and lead acetate,'^ The first result of mixing the two 
solutions is tlu? formation of a white precipitate ; but this on standing 
ill contact with acetic acid becomes yellow and (crystalline. 

The white; salt is the basic hyponitrite Pb(NO)2.PbO; tlie yellow 
crystalline salt is the jmre hyponitrite Pb(NO)2. The former deflagrates 
when heated, the latter (‘xplodes. Both salts dissolve in dilute acids, 
and from the solution alkali precipita.t(\s the basic salt. 

According to Divers,^ however, freshly precipitated l(‘ad hyponitrite 
is cream-yellow, and is probably a hydrate, ratlier than a basic salt, 
which turns sulphur-yellow as it loses water. 

The lead salt of nitrohydroxylamic acid, Pb(N203), is known. 

Lead Nitrites. — Besides normal lead nitrite numcTous basic salts 
have b(‘(‘n described, as wdl as a compound of nitrite and nitrate, 
formerly known as hyponitrate. These ])roducts have been obtained 
by the action of fiiuly divirhxl lead on a solution of lead nitrate or by 
the hydrolysis of h’ad nitrite. Lonaiz ® described fifteen of such 
compounds, and Peters no less than twenty-eight. No doubt many 
of these supposed compounds were mixtun^s, and, th(T(‘forc, it became 
an important and difficult jmdih'm to d('cide what individual com- 
pounds really exist. Our knowledge upon this Subject is due largely 
^ Curtius and Rissom, J. praht Chpm,., JSOS, fii], 58, 261. 

® Franklin, J. Amcr. Ohem. Soc., I00r>, 27, S21 ; Zeitat'h, anorg. Chem*, 1905, 46, 27. 

® Kirschnor, Zeilfidi, anorg. Ohem., IS9H, 16, 428. 

* ilivers, Tram. Ohem. *Soc.. 1899. 85, 121. 

*'* Lorenz, Wum. Ahad. Ber., 1857, 24, 1133. 

Peters, ZeiUeh. anorg. Ohem., 1896. ll, 116. 



LEAD AND ITS COIVIPOUNDS 419 

to the work of Cliilosotti/ who has given a resume of the various lead 
nitrites which have been described, and submitted them to a critical 
examination, 

Nomial lead nitnle, Pb(N()^) 2 , is ])re})ared by mixing equivalent 
])roportions of solutions of Ic'ud ehlond<' aiul silver nitnt<i at 25'^ C\, and 
concentrating tlic filtrate by fr<'<‘zing, followed l\y eva})oration ON'cr 
sulphuric acid. The inonohydrale Pb(N02)2-D2^^ ^ 'vas thus obtained 
in yellow, transparent prisms, and subset] uentiy tlie anhydrous salt. 
Pb(N 02 ) 2 * mixed \vith a little^ lead oxidi^ and nitrate. TIh' electric 
conductivity of lead nitrite in eoneentrabxl solution is somewhat less 
than that of the nitrate or chloride ; but on dilution the differences 
b(‘Cornc small. Tt is probabk^ from tlu'ir conductivity and their 
intense yellow colour, that solutions of h'ad nitrib; contain comph x 
anions of the type Ag(N02)2' or IIg(N02)/'. Lead nitrite solution 
slowly decomposes thus : 

3Pb(N02)2 + 211.0 Pb(NO,j)2 -1- 2Pb(OIl)2 + 4N0, 

a decomjK)silion similar to that which nitrous acid itself undergoes ; 
this reaction increases the conductivity of the solution. Wluai a 
solution of le ad nitrite is boilexi and cooled, nacreous scales are (le‘})(jsiU‘d, 
liaving the composition 

Pb(N02)2.Pb(0II)2.Il20 or Pb(N03,N()2).Pb(()lI)2.ll2C) ; 

and by fnrtheT hydrolysis, 3PbO . NgOg . trll gO and iPbO . NgO., . 1 1 are 
]n’odneed. These three, te)ge‘tlier with the salt Pl)(N02)2. Pb(0II)2, are 
t he only basic lead nitrites re‘ce)gnise(J by Chile'sotli. Ph(N02)2 . Ph(OJ 1)2 
may be re^garded as a derivative of orthonitrous acid, N(OII),j, thus : 

O— Pb— O 
0--Pb— 

The existence of a nitritci-nitrate^ of le‘ad has been investigated hy 
Chilesotti by me‘asiirenients of cenuluctivity of mixed solutions of 
nitrite and nitrate. Owing to a elumge in the direction of the S])i‘(‘iiie 
conductivity curve when the two salts are present in moh eular pro])or“ 
tions it is concluded that the two sails sJiow sonui ttanhmey to combine 
in the molecular ratio: Pl)(N02)2 : PblNOa).^. Attem])ts to siparale a 
solid salt were, how'cver, unsiu^cessful. SevtTal double nitrites of h'ad 
and the alkali metals have Ixcn obtained. 3KN0o.2Pl)(N02)2*‘^’iro0 
crystallises in orange monoelinic crystals from a eonciailrated solution 
of lead acetate to which potassium nitrite has be(‘ii addi d.® 

2KN02.Pb(N02)2.H20 ^ is obtained when excess of KNOg is added 
to load acetate solution ; according to Chilesotti, however, it is not 
pure, but mixed with the former salt. 

CsN02.Pb(N02)2.H20 forms bright orange plates.^* 

Lead Nitrate, Pb(N03)2 . — Lead nitrate, or lead sall])ctre, has long 
been known, and is mentioned in the Alchyrnia of Liba\ ius by th(j name 
calx plumb, dulcis. It is obtained by dissolving lead, lead oxide, or 

' Chilesotti, Atti E, Accad, Lincei, 1908, [v], 17, i, 824 ; ii, 173, 288, 377, 474. 

* Cf. Lang, J. prakt. Cfiem.f 1862, 86, 300 

* Fischer, Pof^g, Annalen, 1847, 74, 116 ; Hampe, Ann. Pharm., 1863, 125, 334. 

* Lang, Jahresber., 1862, p. 16^ 

® Jamieson, Atner. Chem. J., 1907, 38, 614. 
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lead carhoiial .* in wami, dilute nitric acid, and crystallising the solution ; 
commercially, lead scale or litharge is used for this puipose. llic salt 
sc’parates iioin aqueoiis solution in regular octahedra, in combinations 
of these forms with the cube, or in dotU*kahedra. Monoclinic crystals 
of h^ad nitrates have also been observ(‘d.^ According to Hauer, ^ the 
form and transparctney of the crystals depends upon the rate of cooling 
and degree (:»f acidity of the solution. It was pointed out by Ibitgcrs ^ 
that crystals sciparated from an aqueous solution are porcelain-likc, 
but that from a solution acidified by nitric acid they arc clear ; the 
explanation Ixang that in the former case they an? slightly basic owing 
to hydrolysis, whilst in the latter case they an? pure.^ 

Lead nitrate has a density® of 4-531 at 24° C. ; its n-fraetive index® 
for sodium light at 20° C. is 1-7820; its molecular heat of formation 
from its ( kanents is 105,500 calories.^ Lead nitrate decre})itates when 
h(;at(‘d, detonates on n-d-hot charcoal, and dellagrates when rubbed 
with sul]diur. The action of heat upon lead nitrate has be^en investi- 
gated by Ba(‘k(?land,® who finds that wh(;n tin? salt is heated to 35-7° C. 
in an (;vaeu<‘ited and sealed glass tub(‘, brown fumes are evolv(‘d, but 
are completely reabsorbed wlieu the tube is cooled, according to the 
n?action 

Pb(N03)2 ^ PbO + O + 2NO2. 

The connection between temperature and dissociation pressure was 
found to be as follows : 

Temperature ° C. 223 230 250 274 296 357 448 

Pressure mm, of mercury 6-2 0-9 IPS 32-6 78-4 514*0 1180-0 

If, howc'ver, tin- salt is kept at 357° C. its power of (evolving gas 
so as to rc'generate the pr<?ssur(i after (?vacuation is much diminished, 
until the pressure attainable falls from 514 mm. to 260 mm. The 
rc'sidue is now slightly 3udlow and is a basic l(?ad nitrate of the comf)osi- 
tion 3Pb0.2N205 or 2Pb(NOjj)2.PbO. After the salt has been left 
at the same? tc*mperature in comiuunieation with the vacuum pmnp for 
ten days its dissociation pn-ssure falls to zero, whilst its composition 
becomes SPbO.NgO^ or Pb(N03)2.2Pb0. This second basic salt loses 
all its nitrous fumc-s at a red hi-at, leaving a residue of oxide. So it 
is shown that lead nitrate is decomposed by heat in stages, thus : 

3Pb(N()3)2 -> 2Pb(N03)2.PbO Pb(N03)2.2Pb0 3PbO. 

The introduction of oxygen or nitrogen j)eroxide into the dissociation 
tube before the salt is luated, n-tards dissociation in accordance with 
the law of mass action. A(?eording to Colson,® perfc'ctly dried lead 
nitrate shows no sign of decomj)osition in a vacuum till 288° C. is 
reached. On account of its decomposition, the melting-point of lead 

» Morel, Ball Soc. Min., 1S90, 13, 337. 

^ Hauer, Ifu Ahad. Brr., 1860, 39, 439. 

* Retgprs, ZHtmh phyaikal. Chem., 1892. 9, 267. 

* Lewis, Diswriation, Breslau, 1908. 

® Hotgers, Zeitsek. phydkal. Chern., 1889, 4, 201. 

® Leblanc and Roland, ZeitscK pliysikal. Chem., 1896, 19, 277. 

* ’ TJioinsen, Thermochemische Untersttchunyen, 1883, iii, 337 ; J. prakt. Ohem., 1876, 
fii], 12, 90, 

® Baekeland, J. A tner. Ghem. Soc., 1004, 26, 391. 

® Colson, Compt. rend., 1909, 148, 837. 
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nitrate is unknown. This salt dissolves readily in water ; the following 
solubility table includes the results of Mjilder,^ Kreincrs,^ Michel and 
Kraft,® and Euler ^ : 



Grains PI>(NOfi )2 per 1000 

grams of : 

Tempf'^aturo 

" 0. 

Water. 


Solution. 


Mulder. 


Kremers. 

Mic:h(4 ami Kraft. 

0° 

30-5 


38-8 

! 27-33 

10° 

44-4 


48-3 

31-0 

17° 

50-0 


54-0 

31-2 

20° 

52-3 


5(!-5 

35-2 

25° 

5(5-4 


(50-0 

3(5-0 

30° 

(iO-7 


00-0 

38-8 

40° 

(;o-4 


75-0 

41-0 

50° 

78-7 


85-0 

45*0 

(50° 

ss-o 


05-0 

47*8 

80° 

107-0 


115-0 

52-7 

100° 

127-0 


138-8 

57-1 


Eulor. 


1 Euler. 

170 

52-7(5 


34-54 

11 


The density of a saturated solution at 17° C. is 1*4()5 (Eiih r), and 
at 25 '3° C. compared with water .at the same banperature ® I *458. 

The solubility of lead nitrate in waiter is much diiniiiislied by the 
addition of nitric acid, so that its ai]ueous solution is preei})itat(‘d by 
concentrated nitric acid. The following ligures show the influence 
of nitric acid on this solubility ® at 25° C. ; 

Mols. UNO, per litre 0 2 02 4 04 8-77 14-35 

Mols. Pb(N() 3)2 per litre 1'^*^ 0-0017 

The densities f)f lead nitrate solutions of various strengLlis arc as 
follow : 


Per cent. Pb(N03)2 • 

5 

10 

15 

2t) 

2r> 

80 

35 

llclative densities’ at 15° C. 
(water at 4''C. ~ 1) 

1-045 

1-09.5 

1-147 

1 -204 

1 -208 

1-336 

— 

Relative densities® at 17 -5° C. . 
(wakr at 17-5° C. 1) 

1-040 

1-092 

1-144 

1 ^OO 

1 -203 

1 -333 

1-409 


The solution of lead nitrate in water is aecoinpanied by lowding 
of temperature; the heat of solution of 1 moteule ri)(N 03)2 in 400 


* Mulder, Scheikundige V erhaiulalin^fan vn Otiderzorkingan, Rotkrdani, 1801, 00. 

* Kremors, Pogg. Annalen, 1854, 92, 497. 

® Michel and Kraft, Ann. Ghim. Phys,, 1854, [Hi], 41, 471. 

* Euler, ZeiU*ch. pkysikal. Cfietn.^ 1904, 49, 814. 

® Lewis, DusertcUionf Breslau, 1908, 

* Gumming, Zeitsch. EleJUrochem., 1907, 13, 19, 40. 

^ Long, Wied. Annalen, 1880, ix, 37. 

* Gerlach, Zeitsch, anal. Chem., 1888, 27, 271. 
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molecules of water is — 7,600 calories,^ and of 1 molecule in 930-1860 
molecules of water — 8,200 calories. ^ 

From numerous estimations of depressions of freezing-point and 
conductivities of solutions of lead nitrate of various concentrations it 
is concluded that this salt is not appreciably hydrolysed at 25® C., but 
undergoes ionisation in two stages, thus ^ : 

(1) Pb(N03)2-> Pb(N03)* NO/. 

( 2 ) Pb(N03)' Pb- + NO 3 '. 

The extent of ionisation at 25*3° C. lias been estimated by Lewis,^ 
with the following results : 

Mol. Pb(N 03)2 per litre 1 ^1*4 0*25 0*()5 0*01 

Conccntration“Pb*‘ions 0*0503 0*0408 0*0354 0*0168 0*0054 

Percentage ionisation 5 10 14 34 54 

Warm solutions of lead nitrate arc appreciably hydrolysed. Thus 
Walker and Aston ® estiuiatc^d, bv measurt ineiit of the inversion of cane- 
N 

sugar, that a ^ solution of this salt is hydrolysed to 0*15 per cent, at 

60° C. ; Long,® however, found only 0*1 per cent, hydrolysis of a similar 
solution at 85° C. 

The solubilities of lead nitrate in aqueous and absolute ethyl alcohol 
and in methyl alcohol are as follow : 



Grams PbfNO;,)., per 1000 grams I 




solvent at 



Solvent. 

— 

— 




. 


4°0. 


22° C. 

40 ■ C. 

50° C. 

1 

Aqueous ethyl alcohol ’ (<l(?nsity 0*9282) 

4*96 

5*82 

8*77 

12*8 

14*9 

Absolute ethyl alcohol ® . . . . 


— i 

0*04 (20*5° C.) 

— 

— 

Absolute methyl alcohol ® . 

— 

! 

1*37 

1 — 

— 


Lead nitrate has an astringent taste. It is used in calico print- 
ing, as a mordant in dyeing, aiid for tlie manufacture of chrome 
yellow. 

Basic Lead Nitrates. — Various basic lead nitrates have been de- 
scribed. They are obtained by the action of metallic lead, lead oxide, 
white lead, potassium hydroxide, ammonia, or certain basic oxides on 
lead nitrate solution, or by dissolving lead oxide in solutions of other 
metallic nitrates ; i,e, eith(jr by adding hydroxide ions to lead nitrate 
or nitrate ions to lead hydroxide. 

^ Thomsen, J. prakt. Chem., 1875, [ii], 12, 87 ; 1878, [ii], 17, 177. 

* Borthelot, Ann. Chirn. Phys., 1875, [v], 4, 101. 

* Hausrath, Ann. Physik.^ 1902, [iv], 9, 543; von Endo, Zeitsch. anorg. Chem.., 1903, 
26, 102; Le Blanc and Noyes, Zeitsch. pkysikal. Chem., 1890, 6, 380; Eranke, Zeitsch. 
physikal. Chem.f 1895, 16, 463; Jager, Zeitsch. physikal. Chem., 1888. 2, 42; Kohlrausch 
and Griineison, Sitzuwjsber, K. Ak^. Wiss. Berlin, 1904, 1215. 

* Lewis, Dissertation, Breslau, 1908. 

® Walker and Aston, Trans. Chem. Soc., 1895, 67, 676. 

® Long, J. Amer. Chem. 80 c., 1896, 18, 693. 

’ Gorardin, Ann. Chim. Phys., 1865, [ivl, 5, 129, 

* I^obry do Bruyn, Zeitsch, physikal. Chem., 1892, lo, 783. 
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The following salts a^jpear to exist ; other products which have 
been described are probably mixtures.^ 

Ph(N03)2.Pb0.H20 or Pb(N03)OH. 

2Pb(N03)2.4Pb0.3ll20, formulated by Berzelius and Meissner 
as ePbO.NoO^.aHgO. 

3Pb(N03)2.7Pb6.4 or 5H2O. 

Pb(N03)2.5Pb().Il20. 

Pb(N03)0n is prepared by boiling the normal salt witli an equal 
weight of lead oxide and water, and cooling, when it s(^))arates in 
crystals, which are sparingly soluble in cold, l)\it more readily soluble 
in hot water. Carbon dioxide; forms carbonate and the normal salt ; 
gentle heat converts the compound into red h‘ad. 

The other salts an; obtained by the aetioi^ of lead hydroxide on 
potassium nitrate solution, or of ammonia, oii l(‘ad nitrate solution. 

In addition to these, however, th(‘re are the two anh^’drous basic 
salts formed during the caniful ignition of solid h;ad nitrate, ^ viz. 
2Pb(N03)2.Pb0 and Pb(N03)2.2Pb0. 

A comparison of the solubiliti(;s of lead Jiitrate in water and in 
potassium and sodium nitrate solutions, as wed as a study of the freezing- 
points of the sim]>le and mixed solutions, leads to tlie conclusion that 
lead nitrate combines with alkali nitrates in solution to form complex 
ions, such as (KPbNOg)*’, so that a reaction, such as 

Pb(N03)2 + KNO3 ^ (KPhNO-O * d- 2NO3' 
takes place in solution.^ 

Ix-ad nitrate forms with thiourea the conij^ounds ^ : 

Pb2(CSN2li4)ii(N03)4 and Pb(CSN2H4)2(N03)2 ; 
and with pyridine Pb(N03)2.2C3ll3N,^^ and 

LEAD AND PHOSPHOlUJS 

A supposed allotropic form of phosphorus, known as ‘‘ Hittorf’s 
phosphorus,” is obtained in a crystalline condition by tlic prolonged 
heating of phosphorus with hrad. It has been shown Vjy Luick and 
Moller ’ that this substance may contain as much as half its weight 
of lead. Nevertheless there is no evidence of the formation of a definite 
phosphide of lead in this way. By precipitating a solution of lead 
nitrate in liquid ammonia with a corresponding solution of rubidium 
phosphide, RbgPs, lead phosphide is formed as a readily oxidisable 
black precipitate, having the composition PbPg. When this compound 
is heated in a vacuum it loses all its phos])horus ; it burns spontaneously 
in the air, is slowly attacked by water, gives solid hydroge n phosphide 
and lead salt with dilute acid, but with dilute nitric aedd yields lead 
nitrate and phosphoric acid.® 

^ Wakeman and Wells, Amcr. Chem. J., 1887, 9, 290; Sfcromhohn, Zeitsch. anorg, 
Chem,, 1904, 38, 444. 

2 Bacjkela-nd, J, Arner. Chem. Soc., 1904, 26, 891. 

* Noyes, Zeltsvli. physikal. Chew.., 18S9, 6, 872 ; Lewis, Dis^erialion, Breslatiy 1908. 

* Rosenheim and Meyer, Zeitsch. anorg. CMm., 1900, 49, 18. 

® Pincussolm, Zeitsch. anorg. Chem., 1897, 14, 379. 

« Werner, Zeitsch. anorg, Chem., 1897, 15, 21. 

’ Luick and Moller, Ber., 1908, 41, 1404, 

® Bossuet and Hackspill, Comjpt, remd,, 1913, 157, 720. 
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Lead Hypophosphite, Pb(H 2 P 02)25 is obtained by dissolving lead 
oxide or carbonate in aqueous hypophosphorous acid, and crystallising 
the solution. The salt forms leaflets or rhombic prisms, and is much 
more soluble in hot water than cold. Like other hypophosphites, it 
evolves spontaneously inflammable phosphine when heated, and leaves 
a residue of phosphate.^ 

Lead Phosphite, PbllPOg, is a white powder obtained by precipitat- 
ing a lead salt solution by a soluble phosphite, or by neutralising 
phosphorous acid with lead carbonate. ^ When heated it is converted 
into phosphine and phosphate. Its heat of formation from its elements 
is 227,700 calorics. The acid salt Pb{H2P03)2 is obtained by dissolving 
PbHPOg in phosphorous acid, and by ignition in a vacuum yields 
the pyro})hosphite PbHgPgOg.^ A basic phosphite exists which is 
3PbO.P203.2ll20 or iPbO.P203.2H20.3 

Lead Orthophosphate, Pb3(P04)2. — The normal salt is precipitated 
by adding a dilute acetic acid solution of lead acetate to excess of a 
boiling solution of sodium hydrogen phosphate.^ If the precipitation 
takes place in the cold PbIIP04 is formed, but is changed into the 
normal phosphate by lengthened boiling with water ^ ; the latter salt 
is also slowly hydrolysed by boiling water.® Lead phosphate is a yellow, 
amorphous powder, whose solubility in water amounts to 1*66 X 
molecule per litre. It dissolves in caustic alkali solution. 

Lead Monohydrogen Phosphate, PbllP04, is formed by adding 
phosphoric acid to boiling lead nitrate solution, and by heating lead 
pyrophosphate with water to 250 ° C.’ It forms monoclinic prisms, 
very slightly soluble in water, having a density of 5 * 661 . The salts 
PbKP04 and PbNaP04 are formed by heating lead oxide with potassium 
and sodium pyrojihosphates. 

Lead Dihydrogen Phosphate, Pb(H2P04)2, is obtained by dissolving 
PbHP04 hot 90 per cent, phosphoric acid, and crystallising the 
solution. It forms fine needles which are hydrolysed by water (Alders 
and Stabler). 

The basic salt Pb3(P04)2.Pb0 is formed by heating the double 
salt Pb3(P04)2.Pb(Nd3)2.2H20. 

The salt 8Pb3(P04)2.PbCl2 occurs naturally as pyromorphite and 
can be prepared artificially by heating its constituent salts together.® 
It forms yellow, hexagonal crystals of density 7 * 008 . The hydrate 
SPb3(P04)2.PbCl2.H2^ has also been prepared,® as well as the salts 
3Pb3(P04)2.PbBr2i® and 

The crystalline compound 2Pb(HP04)2.Pb(N03)2 is formed by 
the evaporation of a solution of Pb3(P04)2 in nitric acid ; and 

^ H. Rose, Pogg, Anvulen, 1828, 12, 288 ; Wurtz, Ann. Ghim. Phyff.^ 1855, [iii], 43, 
327. 

® H. Rose, Pogq. AnneUen, 1827, 9, 42, 221 ; Rammolsberg, Annalen^ 1867, 132, 489 ; 
Amat, Compt. rend.^ 1890, no, 901. 

* Wurfcz, Ann. Ghim. Phys.^ 1846, [iii], i6, 214 

* Mitschorlich, Ann. Ghim-. Phys., 1821, 19, 359 ; Hointz, Pogg. Anrmlen^ 1848, 73, 122. 

^ Aiders and SUihlcr, 2?er., 1909, 42, 2261. 

* Cavon and Hill, ./. Boc. Ghem. Ind,.^ 1897, x6, 29. 

’ A. do Schultcn, Bull. Soc. frarif. Miniral.^ 1904, 27, 109; Alders and Stabler, ibid* 

* Manross, Ann/ilen^ 1852, 82, 348 ; Debray, Ann. Ghim. Phyft.^ 1861, [iii], 61, 419. 

® Heintz, Pogg. Anmlen^ 1848, 73, 122. 

Ditte, Gompt. rend.^ 1883, 96, 846, 1227. 

^ Ditte, Ann. Ghim. Phyn., 1886, [vi], 8, 532. 

Berzelius, Ann. Ghim. Phys.^ 1816, 2, 161. 
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Pb3(P04)2.Pb(N03)2.2H20 is precipitated when an insufficiency, of 
sodium phosphate is added to lead nitrate solution. The latter may 
be crystallised from nitric acid and yields the basic salt Pb8(P04)2.Pb0 
on ignition.^ 

Lead Psnrophosphate, Pb2P207, is precipitat(’d as a white, amorphous 
powder when a solution of a pyrophosphate is added to a lead salt 
solution 2 ; and is also obtained when lead oxide is fused with potassium 
metaphosphate and the melt is extracted with water.^ Water-vapour 
at 280 ®- 800 ® C. converts it into orthophosphate.* Various hydrates and 
double salts of lead pyrophosphate have been d escribed. It i s i loteworthy 
that this salt shows so little t<^ndency to pass into orthophosphate. A 
hydrate of sodium pyrophosj)hate would probably be impossible. 

Lead Metaphosphate. — ^The lead metaphosphates appear first to have 
been investigated by Flcitmann and Ilenneberg,^ who described two 
salts : the “ dimetaphosphate ” Pb2P40i2» and the “ trimetaphosphate ” 
PbgPgOjg.SHgO. The subject was further investigated by von Knorre,^ 
and later by Warschauer,’ who has reached the following conclusions : 

Two forms of lead metaphosphate can be produced, which arc the 
same as those described by Flcitmann and llcnncbcrg. 

The first is obtained by heating the residue formed by evaporating 
the solution of a lead salt in excess of phos))horic acid to a temperature 
not excc^eding 400 ® C. It consists of small shining needles which arc 
distinctly soluble in water, and is identical with Fleitmann’s dimeta- 
phosphate Pb2P40i2- Warschaucr, however, regards it as hvid tetra- 
metaphosphate, d(jrived from tetramctaphosphoric acid, H4P40j2* 

The second salt is obtained by heating the same residue above 
400 ® C. so as to fuse it, and then allowing it to cool slowly, so as to 
become crystalline. It is identical with Fleitniann’s trimetaphosphate, 
but is Higarded as the lead salt of hcxamctaphosphoric acid, UgP^O^g* 
The identity of these salts was established by decomposing them with 
sodium sulphide, so as to obtain the corresponding sodium salts. 

The cooling curv(is of fused mixtures of phosphoric oxide and lead 
oxide have been studied by Kroll®; and thus the existence of the 
following salts has becui shown: the pyrophosphate 2Pb().Po05, the 
an orthophosphate ” 5 PbO . 2P2O5, the orthophosphate SPbO . PgOg, the 
tetraphosphate 4Pb0.P203, the octaphosphate SPbO.PgOr,. 


LEAD AND ARSENIC 

The freezing-})oint curve of a mixture of lead and arsenic has been 
examined by Heycock and Neville,® and also by Descampsd® who was 
of opinion that lead forms several compounds with arsenic. Friedrich, 

^ Gerhard t, Annalen, 1849, 72, 85. 

* Gerhard t, Ann. Ghim. Phys., 1848, [iii], 22, 505. 

^ Ouvrard, Compt. rend.^ 1890, no, 1333. 

* Reynoso, Conipt. rend., 1852, 34, 795. 

* Flcitmann and Honneborg, Annahn, 1848, 65, 304 ; Flcitmann, Pogg. Annalen, 1849, 
78, 253, 35.3. 

* Von Knorre, Zeitach. anorg, Chem., 1900, 24, 309. 

Warschaucr, Zeitach. arwrg. Chem., 1903, 36, 137. 

» Kroll, Zeitach. anorg, Ohem., 1912, 78, 95 ; sec also Zeitach. anorg. Chem.. 1912, 77, 1. 

» Heycock and Neville, Chem. News, 1891, 62, 280. 

Desoamps, Compt, rend., 1878, 86, 1022. 

^ JB^edrich, Metallurgie, 1906, 3, 41. 
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however, who has prepared alloys of lead and arsenic containing 0 to 
34*4 per cent, of arsenic, concludes that there is no evidence for the 
existence of any compound of the two elenu*nts. 

Lead Arsenite, Pb 3 (As 03 ) 2 , is obtained as a white precipitate on 
adding an ars(*nite solution to an alkaline l(‘ad solution. When dried 
in the air, it becomes grey and black, which is attributed to the reduction 
of the lead to suboxide.^ This salt is slightly soluble in water and 
easily soluble in caustic soda solution. 

The pyroarsenite, ‘JPbO.AsgOa or PbgAsgOg, is a white powder 
formed by dc'coinposing neutral lead acedate solution witli arnmoniacal 
arsenious oxide solution.^ j)yroarsenite is also formed by the 

combination of arsenious oxide vapour with lead oxide.^ 

The metarsenite PbO.As.^Og or Pb{As 02)2 is formed from a hot 
saturated solution of arsenious oxide in ammonia, and a neutral lead 
salt solution. It forms microscopic prisms, very slightly soluble in 
water. 

Lead Orthoarsenate, Pb 3 (As 04 ) 2 , is ];>ri‘cipitated as a white powder 
wh(‘n ordinary sodium arsenate is added to lead ac(‘tate solution. 
WIkui heated near its melting-point it turns y(Ilow\^ 

Lead Hydrogen Arsenate, PbriAs04, is fornu^d as a white, sparingly 
soluble, ci^ystalline ])owder by the action of dilute nitric acid on the 
normal salt,^ l\y the prolonged action of ars(‘nic acid and air upon 
metallic lead, or by decomposing a lead nitrate solution with 
Na 2 HAs 04 ® or arsenic acid. 

Lead Pyroarsenate, Pb 2 As 207 , is obtained by precipitating lead 
acetate solution by sodium }>yroarsenate,'» and by fusing together lead 
oxide and potassium m(‘tarsenatc. In the latter easc^ it forjns colourless 
lamellae. 

Thtj mineral mimetite has the composition 8 Pb 3 (As 04 ) 2 .Pl)Cl 2 . 
It may be prepared artificially by fusing its component salts together.® 


LEAD AND ANTIMONY 

Lead Antimonate. — A white precipitate of lead rnctantimonate 
is formcai when a solution of antimonic acid is added to one of lead 
acetate.’ After dryitig in the air this precipitate has the composition 
Pb(SbO 3 ) 2 . 91120 , but when dried over sulphuric acid it loses TllgO 
leaving Pb(Sbb 3 ) 2 . 21120 , which may really be PbHSb 04 .H 3 Sb 04 . 
The pigment known as Naples yellow is an antimonate of lead contain- 
ing excess of lead oxide. It is prepared by heating just to fusion for 
two hours 1 part of tartar emetic, 2 parts of lead nitrate, and 4 parts 
of sodium chloride (I^runner), or by heating 1 part of potassium anti- 
monatc with 2 parts of red lead (Guiinet). The product is washed with 
water, and a fine orange or yellow pigment results, which is employed 
in oil-painting and for staining glass and porcelain. 

‘ Richard, 1894, 27, 1019. 

^ Simon. Poqg. Annalen, 1837, 40, 41 J, 

^ Graliam, Pogg. AnmUeriy 1834, 32, 51. 

* Duvillier, Rer., 1870, 9, 189. 

* Pickering, Tran^. Ghem, Soc.y 1907, 91. 310. 

® Lechartier, Compt rend., 1867, 65, 1 14. 

^ Seadorons, BiUl. Soc. chim,, 1899, [ui], 21, 57. 
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LEAD AND CARBON 

Lead Carbonate^ PbCOjj. — Th(,‘ natural form of lead carbonate 
is cerussite, which occurs iji rhombic crystals isomorj)hous with 
aragonite, CaCO,, ; strontianitc, SrCOg, and witherite, lhiC03. Lead 
carbonate is also a constituent of phoftgenitc^ PbC03.PbCl2, and of 
lead/dllite, 2PbC03.PbS04.Pb(OH)2. The normal salt may be pre- 
pared artiheially by precipitating a cold sohitioi\ of lead acetate 
or nitrate with ammonium carbonate, or by passing carbon dioxide 
into a dilute solution of lead acetate. If formed suineiently slowly 
lead carbonate separates in the crystalline state. ^ It h«as been 
shown by AltniaUn,'^ however, that a basic carbonate of the 
composition of white lead 2PbC03.Pb(0H)2 may also be precipi- 
tated. Its formation is due to the pn^vious hydroh^sis of the lead 
acetate, which is promoted by dilution ajid raising the temp(*rature, 
and especially by carrying out the reaction at 100° C. under a reflux 
condenser, so that vapourised acetic acid can (‘sca])e. From l(‘ad 
nitrate solution carbonate is not pn^cipitated by carbon dioxide. 
Crystallised lead carbonate ^ has a density f)f (5*47, that of the amorphous 
salt being 6-43. Tlie mohdilar heat of formation of the crystallised 
salt from its elements is 100,800 calories (Thomsen ^), or 166,700 calories 
(B(irthelot®). Lead carbonate is dissociated by h(‘at in the sense of 
the reaction : 

PbCOa ^ PbO + CO 2. 

According to Debray® the reaction is not reversible, but Colson’ 
has shown that the white oxide formed by the decoin ])osition of lead 
carbonate, PbCOg, at as low a temperature as possible a.})sorbs carbon 
dioxide readily, though llui 3^ellow oxide h>rmed by heating the carbonate 
to 350° C. has not this property, probably because it is ])olymerised. 
Thus the reaction is reversible if the disturhancci due to jiolynuTisation 
is eliminated ; and a little water-vapour has been found greatly to 
accelerate the establishment of equilibrium between lead carbonate 
and its dissociation products. The following are the dissociation 
pressures of lead carbonate when dry and also when moist : 

Temperature ° C. . . 184 210 233 280 285 

Dissociation Pressure, mm. Hg. 

(dry) .... 10 32-5 102 548 760 » 

Dissociation Pressure, mm. Ilg. 

(moist) . . . .12 33 104 - 

Lead carbonate is very slightly soluble? in pure water ; 1 litre of 
water dissolves 0*0011 to 0*0017 gram PbC03 at 20° C., according to 
measurements of electric conductivity. There is no hydrolysis b(?low 

* Fremy, Compl. rend., 1866, 63, 714; Drcverniann, Arttialeu, 1853, 87, 120. 

* Altmann, Zieitsch. anorg. Chem.. 1907, 52, 210. 

» See Falk, Chem. ZdL, 1910, 34, 9.37. 

^ Thomson, .7. prakL Chem., 1880, [ii], 2i, 44. 

* Borthelot, Ann. Chim. Phys., 1875, fv], 4, 176. 

“ Debray, Gompt. rend., 1878, 86, 513. 

’ Colson, Compl. rend., 1905, 140, 865. 

® Colson, Gompt. rend., 1909, 148, 837. 

® Kohlrausoh and Koso, Zeiisch. physikal. Ghem,. 1893, 12, 241 ; Bottgor, Zeitsch. 
physikal, Ghem., 1903, 46, 602. 
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70® C., but at that temperature the water begins to show an alkaline 
reaction ; and if air free from carbon dioxide is drawn through the 
liquid so as to remove the liberated carbon dioxide, the carbonate is 
changed into the basic salt 2PbC03.Pb(0H)2. 

Lead carbonate is much more soluble in water containing dissolved 
oarbon dioxide than in pure water, as the following figures show 
(Pleissner ^), t 18® C. : 

Mgms. CO2 l)cr litre . 0 0 2-8 5-4 14-4 26 0 43-5 106 

Mgms. PbCOa per litre . 1*75 6*0 7*0 8*2 9*9 10*9 15*7 

The interaction of lead carbonate and solutions of alkali carbonates 
has been investigatt*d by Auerbach and Pick.*-^ 


BASIC LEAD CARBONATES 

Various basic carbonates of lead have been described,^ but only 
three are definitely known. PbC03.Pb(0H)2 occurs as a mineral in 
Sweden and Scotland ; 4PbC03.2Pb(0H)2.Pb0 has been prepared by 
Strtirnholrn ^ by the action of dilute sodium carbonate solution on lead 
hydroxide. 

2PbC03.Pb(0II)2, together with more or less normal carbonate, 
constitutes white lead. It is, therefore, the most important of the 
basic carbonates of lead, and the establishment of its cht‘mical in- 
dividuality is important. 

This has been done by Hawley, who left mixtures of lead oxide 
and carbonate in varying proportions in contact with 20 per cent, 
sodium acetate sohition for twelve to fourteen hours. After this time 
the solid phase was found to contain a definite compound of the com- 
position 2PbC03.Pb(0Il)2. Salvadori ® found, too, that wlum lead 
carbonate, pr(‘cipitated from cold lead nitrate solution by ammonium 
carbonate, is boik^d with water for some time, hydrolysis proceeds as 
far as a product having the composition 2PbC03.Pb(01I)2. The fact 
that the basic carbonate formed by the action of air and water on 
metallic lead possesses the same composition is additional evidence of 
the definite character of this compound. Eustou,'^ nevertheless, believes 
that the basic carbonate is not a true compound, but an adsorption com- 
pound of lead carbonate and lead hydroxide. 

White Lead. — This substance was known to Theophrastus, Pliny, 
and Dioscorides. Theo})hrastus describes its pix^paration by the action 
of vinegar on lead, and Pliny mentions the same process. The Latin 
Gcber also gave an account of its manufacture by the action of the 
vapour of vinegar on lead ; and until Bergmann, in 1774, showed that 
white lead is a comi)ound of lead calx and fixed air, this substance 
was supposed to be a compound of the calx and vinegar. 

White lead was known as ^ifivOiov by Theophrastus, cenissa by 
Pliny, and Inft-saurer blei-kalk by Bergmann. 

^ rJcissnor, Arbeiien Kaiscrl. Gesundheitaamte,, 1907, 26, 384; Chem. ZerUr,^ 1907, 
ii, 1055. 

* Auerbach and Pick. Arbeiien KaUcrl. Oesundheitsamtet 1913, 45, 113. 

^ Bose, Pogg, Annahn, 1851, 84, 52 ; 1855, 95, 284. 

* Stromlioim, Zeiiack. anorg, Chem., 1904, 38, 429. 

® Hawley, J, Physical Ckem,, 1906, 10, 6^. 

« Salvadori, Gazzetta, 1904, 34, i, 87. 

^ Euston, J, Ind. Eng, Ohem,, 1914, 6, 202, 382. 
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Various processes have been employed for the manufacture of 
white lead. 

1. Dutch Stack Process , — ^'.riiis is the oldest commercial process for 
the manufacture of white lead, and it is based upon the reaction which 
was known to the Ancients. Lead sheets, rolled into s})irals, arc lodged 
vertically upon tlirce projections fixed at onothii-d of llie way up 
conical, glazed earthenware pots, and arc covered witli lead plates, 
after the pots have been filled to one-fourth of their depth witli vin<‘gar. 
These pots are placed upon horse-dung in a shed, and by the use of 
boards arc piled tier upon tier. Within four or five wcc‘ks the greater 
portion of the k‘ad has been converted into while had by chemical 
changes, the course of which is as follows : The fermentative oxidation 
of the dung liberates heat which vaporises the ace tic aedd ; and this 
vapour, in conjunction with air, converts tlie leatl into basic acetate. 
Meanwhile carbon dioxide has b(*en generated by t.Iie fermentation of 
tlie dung, and this togetlier with water- va}>our ac‘ts upon the basic 
acetate, converting it into wliite lead or basic carbonate, and normal 
acetate. This latter by further action of carbon dioxide is ehnngcd 
into white lead with liberation of acetic acid ; and tlie liberated acid 
tlieii attacks fresh lead so that the process is r(^])eated. The white 
lead is finally removed from any remaining “ blue* ” or metallic lead, 
ground with water into a ])aste, washed so as to remove the soluble 
acetate, and then dried. The process of drying the lead pulp is attended 
by risk of poisoning to the workmen ; and since the product is usually 
to be made into a paint, it is mixed with oil while wet, according to 
Ismay’s process,^ and agitated in a “ pug mill,’’ which separates most 
of the water, the remainder being eliminated by surrounding the mill 
with a heating jacket whilst a partial vacuum is maiutairu d. 

2. English Stack Process , — This method differs from th(^ Dutch 
method in the substitution of spent tannery bark for stable manure 
and dilubi pyroligneous acid for vinegar. The lead also, instead of 
being in sheets, rolled into spirals, is east into straps whic‘]i .art? laid on 
the pots. At the end of the process, which is rathei* more? lengthy 
than the Dutch process, th(‘ white lead, wdiich preseia es Xhc shape* of 
th(^ strap, though the bulk has increased, ])rcsents a white, 2)on.el{un- 
like appearance ; and when the mass is broken a thin corc^ of lead is 
found W'ithin it. The jwoduct is now crushed and sieved, whereby the 
lead is flattened out and separab'd from the carbonate. After washiiig 
and drying the pigment is ready for the market. If the wliitc lead 
shows a yellowish tint owing to staining from the bark, this is counter- 
acted by the addition of a minute quantity of Prussia]) blue or indigo. 

3. Chamber Process . — The chemistry of this process is similar to 
that of the former processes, but the iise of dung or tan is dis})ens(‘d 
with. A usual continental practice is to hang thin straj)s of lead 
over a mixture of vinegar and wine-lees in boxes heated to 30° C., and 
then to introduce carbon dioxide. The process is quicker than the 
Dutch process, and the product consequently suffers somewhat in 
quality. 

According to a patent process,^ the fermentation gases escaping in 
the manufacture of spirits are employed for the manufacture of white 
lead. These gases contain water-vapour, carbon dioxide, and a little 
alcohol. They are driven by means of compressed air into a special 
^ Eng. Patent 23 , 909 , 1895 . * German Patent 151 , 514 . 
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chamber, where the alcohol is oxidised to acetic acid, and thence into 

the chambers containing the lc‘ad. 

In Cookson’s Chambe^r Process ^ straps of lead are suspended in a 
series of chambers, and all the necessary gas(‘S — carbon dioxide, oxygen, 
water- vapour, and acetic acid vapour- are generated s(^parat(‘]3^ and 
introduced into tlui chambers by means of pipes in the lloors. Perfect 
control of both temperature and gases is obtained, and the product 
is very white, being t'litirely free from contamination with tan, etc., 
which so frequently occ\irs in the old stack process. 

4, French Method. — According to this nu'thod, which was originated 
by Thenard, litharge is dissolved in pyroligneous acid of 1*056 density, 
basic lead acetate being produced in solution. Carbon dioxide is then 
forced through the solution by means of a fan ; and this precipitates 
white load, leaving neutral acetate in solution, which can afterwards 
be matlci to dissolve more litharge so that the process of carbonation 
may be r(q)eat( cl. This process has undcTgone several modifteations.*** 

5. American Method. — Metallic lead in a molten condition is broken 
into fn^e s])ray which is ])rought together with acetic acid into rotating 
barrels.® Filtcnul combustion gases art^ blown with steam througli 
the barrels for seven days, and the white lead thus produced is wash(‘d 
by means of water from the unchangc'd metal. The chemistry of the 
process is essentially the same as that of the preceding processes. 

0. Bromiefs Freshly precipitated lead sulphate is warmed 

with caustic soda to 70° C,, so that a basic sulphate is formed thus : 

SPbSO^ + 2NaOH = 2PbS04.Pb(011)2 + Na2S04 ; 

and when this product is warmed with sodium carbonate solution 
white lead is produced, thus : 

2 PbS 04 .Pb( 0 H )2 + 2 NaC 03 = 2 PbC 03 .Pb( 0 H )2 + 2 Na 2 S 04 . 

7. Milner^ s Method.^ — The process of Dale and Milner consisted in 
grinding litharge or any insolubkj lead salt between millstones with 
water and sodium bicarbonate ; but th(! Milner process introduced 
as an improvement consists in grinding together for three or four hours 
4 parts of litharge, 1 part of common salt, and 16 parts of water. The 
mass gradually swells up and becomes white and pasty, there being 
produced a mixture of basic lead chloride and caustic soda. Carbon 
dioxide is then passed through the paste with constant stirring until 
its rcfiction to litmus is neutral, the basic chloride thus being converted 
into basic carbonate. Too much carbon dioxide would spoil the 
product. A somewhat similar process is that of Hof,® in which lead 
oxychloride, together with magnesium oxychloride, is produced by 
dissolving lead oxide in magnesium chloride solution. The former is 
then decomposed by carbon dioxide with the formation of white lead. 

8. Bischofs' Method. — ^This process,’ which is carried out at the 
works of Messrs, Moiid at Brimsdown, Middlesex, consists in. heating 
litharge to 250°-30()° C. in a stream of water-gas, whereby it is reduced 

^ See How While Lead is Manufactured, by Cookson and Co., Newcastle, 1910. 

® German Pateid 133,425 ; A mer. Patent 750,541 ; German Patent 158,309. 

® Wintoler, Zfeilsch. awjew. Chem., 1905, i8, 1179. 

* German Patent 52,262. 

Eng. Patent 4053, 1875. 

® Hof, Clmn. Zeit., 1909, 33, 1077 ; Zeitach. anorg. Chem., 1913, 81, 40. 

’ Caro, Verh. Vereins Befdrdming Oewerbfleisses, Berlin, 1906. 
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to a black suboxide which is converted into a yellow hydroxide with 
wat(T. Carbon dioxide then changes this hydroxide* into white lead. 

9. Electrolytic Methods, — T}u‘ principle of these methods consists in 
prodnciiiiT lead liydroxidc^ by (*lectr(»]ytic tjxidation of metallic lead, 
which is tluai carbojiatcd by the }>a.ssa^e of cn,rl.u)n dioxide through the 
electrolytic cell. In a. Uerniun process a 1 *5 ])cr cent, aqueous solution 
of 80 ))arls of sodium chlorate, and 20 })arts of so. hum carbonate, is 
electro! 3 ^s(*d witli jin anode of soft lead, and a cathode of hard l<‘ad ; 
the ele ctrolyte is kept slightly alkaliiu', and carbon dioxide is passed 
through the solution. 

In a French process ^ a 1 per cent, solution of sodium chloride is 
electrolysed with lead (jlectrodes, whilst a current of carbon dioxidi' 
is passed through the solution to precipitate white lead from thci alkali 
plumbite formed. 

Properties of White Lead. — ^Whitc' lead is an earthy, heavy, amor- 
phous })owder, which is se en under the microscope to consist of rounded 
or oval grains of diameder \'arying between 0*00()1 and ()-00()04 inch. 
This pigment is valued on account of its eov(*ring power, in wliich it 
much exceeds zinc white or baryta white ; it is, however, rapidly 
black(*Tied by hydrogen sulphide, and the product has tlu^ composition 
4PbC03.PbS.Pb(0II)2.2 

The cov(Ting power depends upon the density; the greater the 
density, the smaller the amount of oil absorbi.d and the more opaque the 
pigment. The presence of lead hydroxide in the pigment has been found 
by expcri(‘nce to be c‘ssential, and the lU'arer the composition of the 
white l(‘ad approximates to that of the basic carbonate'. 2PbCOg . Pb(OH )2 
the better is its (piality. When the com)>osition approximates to that 
of the normal carbonate the pigme nt is useh ss. This is shown in the 
following ligures ^ : 



PbO. 

00 ,. 



__ 

86-32 

11-36 

2-32 

<~2PbC03.Pb(0II).> 

1 

86-80 

11-16 

2-00 

Rest cjuality 

2 

86-2 i 

11-68 

1-81 

S(*eonds 

3 

86-03 

12-28 

1 -68 

Thirds — still useful 

4 

84-69 

14-10 

0-93 

Inferior 

5 

83-47 j 

[ 16-15 1 

0-25 

Useless 

— 

83-52 ^ 

16-48 

j — 

PbCOg 


White Lead Suhstitui£s. — ^White lead is fre(|n(aitly niixc'd with the 
much chc'aper heavy syiar, or with gypsum. Certain mixture s of white 
lead and heavy spar are of technical importance. Thus Venetian white 
is a mixture of ecpial ])arts of white lead and barium sulphate, Hamburg 
white of 1 part of white l(*ad and 2 of barium sulphate, whilst Dutch 
white consists of 1 part of white lead to 3 of bariiim sulphate. 

Owing to the poisonous properties of white lead attempts are con- 
tinually being made to utilise other lead salts for pigmentary purposes, 

^ Freinch Patent 328,490. 

* Sacher, Chem,. ZeiU, 1910, 34 , 647. 

® Weiss, Momtschr, Gewerbe-Verein% Koln ; also Phiglefs polytcch. J., 1873, 208 , 434. 
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but liithcrto with imperfect success, for the products do not possess 
quite the same “ })ody ’’ and smooth-working properties as genuine 
white ]('ad. Thus PattinsorCs ivJdte lead was the basic eliloride 
PbCl 2 .rb(OiI) 2 , th(‘ pigment galenite is a basic sulphate, and 
Hannay\s white lead is the sulphate made from galena, which is said 
to possess considerabU' covering ])ower.^ 

Lead Foimate, Pb(CII02)2 or PbCOOCH)^, is prepared by disyilving 
lead carbonate in formic acid solution, and readily crystallises in 
rhombic prisms ^ from the hot liquid. Anhydrous formic acid is 
obtaiiK'd from the crystals by decomposing them with hydrogen sulphide 
gas. When the dry salt is heated to 190° C. it deconqioses thus ^ : 

Pb(CII02)2 =- Pb + ‘ 2 CO 2 + II 2 . 

Lead formate shows considerable tendency to be hydrolys('d in 
solution, and the following basic salts are formed by causing lead oxide 
to react with solutions of the normal formate under diiferent coiidi- 
tions^; Pb(ni() 2 ) 2 .PbO; Pb(CJlO2)2.2Pb0; Pb(CHOo)2.3PbO. 

Lead Acetate {Sugar of Lead), Pb(C2lIa02)2-3n20. — This salt has 
been known for four or five hundre d years. It is prepared by dissolving 
lead oxide in acetic acid, and is formed slowly by the action of acetic 
acid and air upon lead. The trihydratc forms monoclinic crystals,^ 
isomorphous with (hose of barium and zinc acetates ; it has a density 
of 2*50.® The hydrated snlt easily loses wat(T when gently heated, 
melts at 75° C., and at 100° C. loses acetic acid as well as water, giving 
rise to a basic s<ilt. The following arc the aqueous vapour pressures 
of this salt at different temperatures ’ : 

Temperature ° C. . . 12*5 15*8 18 3 20 9 21-3 30*1 

Vapour Pressure, mm. Hg. . 2-92 4-29 5*32 6*81 7*14 14*91 

The anhydrous salt has a density of 3*251, melts at 280° C., and when 
strongly heated evolves first acetic acid vapour, then carbon dioxide 
and acetone, and finally leaves a residue of pyrophoric lead.® 

If paper is soaked in lead acetate solution and dried, it smoulders 
like tinder when ignited. This may be due to the formation and 
combustion of ])yrophoric lead. 

The molecular heat of formation of the anhydrous salt is 232,600 
calorics.® 

Lead acetalt* is readily soluble in water, and much more soluble in 
hot than in cold water ; 100 grams of water dissolve 50 grams of the 
salt at 25° C., 100 gi’ams at 40° C., and 200 grams at 100° 

The state of lead acetate in aqueous solution has been the subject 
of considerable investigation, as well as the cause of the solubility of 
lead sulphate in ammonium and sodium acetate solutions. 

^ See also Purex, p. 415. 

• Heiissor, Jahresher.^ 1851, 434. 

• Hointz, Jahresber,, 1856, 558. 

• Barfood, J. prakt, Chem,, 1869, 108, 1. 

• Schroder, Ben, 1881, 14, 1607, 

• Buignet, Jahresber,, 1861, 15. 

^ Miiller-Erzbach, Ber , 1887, 20, 2977. 

® Wohler, Annalent 1839, 29, 63, 

• Thomson, Tkertnochemische Uvtersuchungenf 1882, i, 381. 

Oudemans, Jahresber,, 1868, 29 ; Phann, U*8.A,, 1900. 
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So far as ionisation of lead acetate takes place, it probably occurs 
in two stages, as with other salts of lead and of other bivalent metals, 
thus ^ : 

J'I.(C,1I,0,)., ^ PtKCjH^O,)- -I- (C^HsOj)' 

Pbcc^iijOj)- Pb" + (Cjp,o,)'. 

Noyes and Whitcomb ^ liave found that lead acetate solution is, 
however, mueh less ionised than the acetates of barium, manganese, 
nick(*I, cobalt, zinc, and cadmium under ecpiivalent conditions ; and 
that, assuming dissociation into three ions, its degree of ionisation is 
only about 22 per cent, in dc‘cinormal solution. 

This small d(gree of ionisation appears to be eonnectf d with th(‘ 
S})ontaneous formation of complex anions,^ which occurs also with 
other acetates, and to a less ('xtent with chlorides, sul[)hates, and 
nitrat<\s. 

The addition of an alkali ae(‘tate to lead acetate solution, by increas- 
ing the concentration of the acattate ions, inen^ases the concentration 
of these complex anions ; and this fact, as will a])j)ear, affords an 
explanation of tln^ solubility of lead sulphat(' in acetate solutions. 
The solubilities of had sul})hale in ammonium acetate solutions of 
different strengths at 25” C. have b(‘(‘n estimated by Noyes and Whit- 
comb 2 (see undcT Lead Sulphate, p. 414). 

These same obscrv(‘rs conclude that the lea.d is jwesent in the acetate 
solutioji almost entirely in tlu^ non-ionised state, non-iouised k;ad 
acebate being forme I f)y metathesis, thus : 

PbS04 + 2NII4- + 2C,ll3()2' Pb(C2H,()2)2 4 2NTT,* + SO/'. 

The solubility of lead sul[)hatc in conc(*ntrated solutions of sodium 
and potassium acetates has been examined by Fox,^ who conclud(‘S 
that metathesis takes place, according to tlu‘ above (‘(| nation ; but that 
c()m})lcx acetates ain* formed, such as PbK 3(0211302)4, which proba.bly 
would not exist in dilute solution ; and that this salt, re acting with 
the potassium sulj)haLe in solution, would produce the s])aringly soluble 
salt PbK2(S04)2, which has been observed to crystallise. 

Hydrated lead acfctate dissolves in alcohol ; 100 grams of alcohol 
dissolve 3*3 grams of the salt at 25” C. and 100 grams at 100” C. ; 100 
grams of glyc(‘rol dissolve 20 grams of lead acetate at 15° C. 

Numerous basic acelafes have been descrilxid, but probably only two 
are definite compounds.® 

The salt Pb(C2H;50 2)011, or Pb(C2ll302)2.Pb(()Jl)2, is formed when 
lead oxide is treat<’d with excess of lead ac< tale solution, by the ]>artial 
dccomjiosition of the neutral acetates solution with ammonia or alkalis, 
or by dissolving the salt Pb(C2^^:P2)2-2Pb(OII)2 in a solution of the 
normal acetate. 

The salt Pb(C2Tl302)2*2Pb(OII)2 is formed by treating lead acetate 
solution with excess of h^ad oxide, or by pouring a solution of had 
acetate into excess of ammonia. 

^ Jaquos, Trans, Faraday Soc., 1910, 5 , 225. 

* Noyes and Whitcomb, J. Amer. Chem. Soc.^ 1905. 27 , 747 

® Abegg and St. Labendzinski, ZcUsch. Elcktrochem,^ i904, 10 , 77 

* Fox, Trans, Chem, Soc,, 1909, 95 > 878. 

® t« 6 we, J, prakt. Chem,, 1866. 08 , 385. 
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According to Sakabi,^ the only solid compounds that can exist in 
contact with lead acetate solutions at 25® C. are : Pb(C2lT302)2»3H20, 
Pb(C2H302)2.Pb(01l)2, and Pl)(C2ll302)2.2Pb(0H)2. 

Complex Lead Acetates* — R(-fi‘ren(*c has alr(.‘ady been made to the 
combination of lead acetate with alkali aci'tates in solution.^ The 
double or compk^x acetate NaC2ri302.Pb(C2ll302)2««^tl2^^ prepared 
by Rammelsherg,'^ and forms monoclinic crystals. 

Various compounds of lead halides with k^ad and alkali acetates 
have been prepared.^ 

PbClC2H302, SPblCslIaOa . Pb(C2lI 302)2, 

Pb(C2H362)2.PbCl(C2ll302)2, and 2(Pl)lC2H30..NaC2ll30o).lIC2H302, 
Pl^CgH 302)2 . PbClC.lLjbo . 3H2O, PblCallaCL . kCgllgOg, 

PbClC2n302 . IIC2H 302. ^ PbIC2H302 . Nil 

Plumbic Acetate, Lead Tetra-acetate,^ Pb(C2n302)4, is one of the 

most stable of the plumbic salts. It is obtcained by dissolving red 
lead in warm, concentrated acetic acid. As the solution cools the 
tetra-acetate s(‘parates in white needles. It is also produced by the 
action of chlorine on a solution of the diacedate : 

2Pb(C2ll 302)2 + CI2 - Pb(C2lI 302)4 + PbCl2 ; 

and is sc‘paral(*d from the chloride foriiK'd simultaneously by means 
of warm ace tic acid. The t(‘tra-acetatc melts at 175® C., is decomposed 
by wat(?r with the separation of lead dioxid<', but is converted by 
hydrochloric acid into the tetrachloride. The following organic salts 
of quadrivalent lead have also been ])repavcd ^ : 

Plumbic propionnte : Pb(C3ll502)4 

Plumbic n>butyratc : Pb((-4lT702)4 

Plumbic iso-butyrate : Pb(C4lT702)4 M.P. 100° C. 

Plumlnc palmitatc : Pb(Cigll3|02)4 „ 88®- 01®C. 

Plumbic stearate : Pb(Ci 8113502)4 „ 102°- 103® C. 

Lead Oxalate, PI >030 4, is obtained as a white precipitate when 
lead salt and oxalate solutions are mixed. Wh(‘n heated to 300® C. 
out of contact with air it discomposes according to the equation ® : 

2PbC204 -- PbgO + 3CO2 + CO. 

Its solubility in wuter, determined by the conductivity method, is 
0*61 X 10^^ gram-mok'cule per litri? at 10*95® C.’ or 0*54 X 10~® gram- 
molecule ])er litre at 18° C.® ; whilst, according to Ik'ittger and Pollatz,® 
the solu})iiity at 25® C. is 0*0025 gram per litre by direct weighing, and 
0*0018 gram piT litre, estirnatixl by means of conductivity. 

The basic salt 3)PbC204.7Pb0.Il20 (?) is formed by the inter- 

^ Sakabi, Mem.. Coll. JSd.,, Kyoto, 1914, i, 57. 

Fox. Tram. Chem. Soc., 1909, 95, 878. 

® Rammelsbcrg, Pogy. A nnalen, 1853, 90, 28. 

* Carius, AnmiJcn, 1S03, 125, 87 ; VVbito, Armr. Chem. J., 1906, 35, 217 ; White and 
Nelson, Amer. Chem. J., 1906, 35, 227 ; Wight, Amer. Chem,. 1904, 31, 1. 

^ Hutchinson, Tramk Chem. Soc., 1893, 63, 1136; Hutchinson and Pollard, Trans, 
Chem. Soc., 1896, 69, 212 ; Colson, Compt. rend., 1903, 136, 675, 891, 1664. 

® Maumem'*. Pnll. Soc. chim., 1870, 13, 194. 

^ Biittger, Zeit.'ich. phynikal. Chem., 1903, 46, 1102. 

® Kohlrausch, physikal. Chem., 1908, 64, 169. 

• Bottger and Pol at 'i, Pharm. Post, 1907, 40, 679. 

Stromholm, Zeitsch, anorg, Chem., 1904, 38, 429. 
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action of lead hydroxide and a soluble oxalate, or by the action of 
caustic soda on the normal oxalate. 

The preparation of rbC204.2Pb0 has also been rc'corded.^ 

The complex salt 2PbC./)4.‘2l\2C204.5H20 ^ is formed by acting on 
lead oxalabi with potassium oxalate solution. 

Lead Tartrate, PbC4lT40g, is a erystalliiK; powder, obtained by 
precipitatijig a lead salt with tartaric acid. It is slightly soluble in 
water and le ss soluble in alcohol, as the following figures show ® : 

Water. Alcohol . 


18 “('. 

Grams PbC4H40^ iii 100 
grams solvent . . 0-0100 


25n\ LS C. 25U:. 
0*0108 0-0028 0*0032 


Lead tartrate dissolves in tartaric a(^id, in alkalis and ammonium 
salts, with the formation of com})lc‘X ions. liCad oxide also, like copper 
oxide and other metallic oxide s, dissolves in alkali tartrate solution, 
producing an alkali salt of |>lumbotartaric acid, to whose ion the follow- 
ing constitution is attributed ^ : 



Pb . COO . CHOI 1 . CllOII . COO^ 
Pb . COO . CIIOH . CHOU . COO' 


LEAD AND SILICON 

Silicon is not miscibh^ with lead to an aj)2n’cciablc extent in the 
liquid state. ^ 

Lead Silicates. — When litharge is fused with silica it forms a yellow, 
vitreous silicate whic*h enters into the composition of the lead glazes 
used in pottery, and also of flint glass, which, on account of its high 
refractive power, is employed for optical })urposes and for making 
artificial gems. The solubility of lead oxide in lead glass increases 
with temperature, and the yellow colour of glass rich in Ic^ad is attributed 
to the thermolytic dissociation of lead silicate', thus ** : 

PbO.a^SiOg ^ PbO + irSiOg. 

According to Mostowitsch,’ a number of had silicates exist, in 
which the proportion of lead oxide to silica rises from PbO : SiOg to 
6PbO : SiO.^. 

By the study of the freezing-point curves of mixtures of lead oxide 
and silica, Ililpcrt and Weiller ® find cvidcaice for the cxistc-nce of only 
PbO.SiOg, and probably 2Pb0.3Si02. According to Ililpcrt and 
Nacken,® however, 3Pb0.2Si02 exists, and probably 3Pb0.Si02. 

^ Pelouze, Ann. Chem., 1842, 42, 266. 

2 Reis, Bar., 1881, 14, 1174. 

® Partheil and Hiibncr, Arch. Pharm., 1903, 241, 412 ; soo also Oaritoni and Zaoboder, 
Bull. Soc. chim., 1905, [iii], 33, 747. " 

* Kahlenberg, Zeitsch. physikal. Chem., 1895, 17, 577 ; Kahlonlefg and Hillger, 
Chem. Zentr., 1897, ii, 399. 

® Tamaru, Zeitsch. anorg. Chem.^ 1909, 61, 40. 

“ Beck, Zeitsch. angew. Chem.t 1908, 21, 1351. 

^ Mostowitsch, MekUlurgie, 1907, 4, 647. 

® Hilpert and Weiller, B«r., 1909, 42, 2969 ; see also Weiller, Chan. Zeit*^ 1911 , 35,1063. 

• Hilpert and Nacken, Ber., 1910, 43, 2565. 
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Coapcrj Shaw, and Loomis,^ from a study of heating curves, show the 
existence of Pl)2Si()4, melting at 74 ( 5 " C., as well as PbSiOo, melting 
at 760 " C. 

Lead silicates are of importance in pottery manufacture, because, 
being l(‘ss soluble Ilian “raw lead” in diluti; a(iid such as occurs in 
the gastric juice, tliey arc less harmful to the worke rs. Thorpe and 
Simmonds ^ have examined the solubilities of various lead silicates in 
dilute hydrochloric, acid, and find that wluui the moI(‘cular projiortion 
of acidic to basic oxide falls below 2 : 1 tlie silicate is readily attacked 
by the dilute acid ; but when larger proportions of silica are combined 
with lead oxide there is little action. This is in hfirmony with the 
observation of Faraday ^ that glass made of equal weights of silica 
and lead oxide does not become dull when exposed to the action of 
hydrogen sulphide ; but that a glass made by fusing 8 parts of this 
glass with 1 part of potash is so tarnished. In the former case tlie 

ratio 3.7^ in the latter about 2. It is well known, 

l)asjc inoJ<“eules 

not only that lead glass is easily fiisibh', but that it is (‘asil}?^ r(‘duced 
and blackened in the inner l)lowpipc flame. To account for this 
redueibility, Simmonds,^ who recognises the four simple silicates 
Pb2Si04, PbSiO^, PbgSi^Og, and PbSigOg, as wd\ as various double 
or complex silicates, introduces certain novel constitutional formula 
for these compounds, containing oxygen chains and linked silicon 
atoms. 

In a further communication,® Simmonds claims that the blackening 
of lead ghiss when heated in a reducing flame or a ciirnuit of hydrogen 
is due not to the scj)aration of nud allic lead, but to the formation of 
a n.'duced silicate or “sili(;ite” of had. It w^as found, indeed, that 
powdered flint glass, reduced in hydrogen, contained no uncombined 
l<iad. 


LEAD AND BORON 

Lead Borates. — L(’ad orthoboratc is unknown, but the metaborate 
exists and several ])oly- or anhydro-borates. 

Lead metaborate, Pb(B02)2.H20, is formed as a white precipitate 
w^hen cold concentrated solutions of lead nitrate and borax are mixed.® 
It is almost insoluble in, but somewhat hydrolysed by, water, and dis- 
solves readily in dilute acids. 

The polyborate 2PbO .311203.41120 is obtained by precipitating a 
solution of a lead salt with excess of boiling borax solution,’ and 
Pb0.2B203.4lT20 by treating cither of the former salts with a boiling 
solution of boric acid. Lastly, PbO.flBgOg is obtained by fusing lead 
carbonate with boric acid, and extracting excess of the latter with cold 
water.® 

^ Coojior, 8haw, and Loomis, Ber., 1909, 42, 3991 ; see also Amer, Chem. J., 1912, 47, 
273; and CcMtr. Min., 1911?, 289. 

* Thorpe and Simmonds, Trans. Chem. Soc., 1901, 79, 791 ; also 1910, 97, 2282. 

® Faraday, On the Manufacture of Optical Olass,” Phil. Trans., 1830, 1. 

* Simmonds, Trans. Chem. Soc., 1903, 83, 1449. 

® Simmonds, Trans. Chem. Soc., 1904, 85, 681. 

® Rose, Pogg, Animlen, 1833, 29, 455. 

’ Soiibeiran, J. Pharm. c/aw,, 1825, ii, 31. 

* Le Chatelier, Bull Soc. chim. 1899, [iii], 21, 35. 
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LEAD AND CHROMIUM 

Lead forms the normal chromate PbCrO^, the dichromate PbCrgO,, 
and several basic salts. 

Normal Lead Chromate, PbCrO^, occurs naturally as crocoite in 
Siberia, Hungary, Brazil, and other parts ; the mineral crystallises in 
yellow, traasiucent, monoclinic prisms, and has a density of about 
6*0. It was prepared artificially by Bourgc‘ois ^ by heating pre cipitated 
lead chromate with dilute nitric acid in seale d tubes at C. The 
salt is prepared artificially as a bright yellow preci])itate by mixing 
solutions of a lead salt and j)otassium clironiate or dichroniate. Probably 
tlic precipitate is at first amorphous, but it gradually becomes crystal- 
line. Crystals of lead chromate arc also obtained by cx])osing to the 
air a solution of the })recipitated chromate in caustic soda, by fusing 
together lead chloride and potassium chromate, by allowing solutions 
of lead acetate and potassium chromate to mix slowly by diffusion,^ 
and by electrolysing a dilute solution of chromic acid with lead elec- 
trodes.^ 

Prccipitat<xl lead chromate tc?uls to change colour during filtra- 
tion, becoming orange. I'his is due to the/ formation of the; red 
basic salt PbgCrOg or Pb(i’ 04 .PbO by hydrolysis, which is the more 
likely to take place when the salt is prepared from basic lead 
acetate.^ 

Lead chromate is valued as a pigment undcT the name of chrome 
yellow, Varis yellow, or Leipzig yellow ; and consequently it is important 
to realise the best conditions for its pre])aration. It has been shown 
by Free ^ that the rapid mixing of cold, concentrated solutions of the 
reacting salts under conditions which prevent the formation of basic 
salt, produces a crystalline chroim* yellow of clear c*olour and good 
covering power. Commercial chrome yellow frtqiu'nlly contains lead 
siil})hat(; ; and a pigment known as Cologne yellow is prepared by h<‘at- 
ing lead sulphate with a solution of potassium diehrornate. It is recog- 
nised that the admixture of lead sulphate to the extent of about 10 
p(a* cent, produces a lighter shade ; and this is due not only to a physical 
caus(;, but to the fact that tlie presence of a soluble h.ad salt reduces 
or prevents hydrolysis, ^vhieh by producing the; basic chromate would 
cause darkening of colour.'* 

The solubility of lead chromate in wat(;r is exceedingly small ; 
indeed, the chromate is probably the least soluble salt of lead. It is 
practically insoluble also in dilute acetic acid ; consequently chromate 
ions in presence of acetic acid constitute a very delicate test i’or lead 
ions in solution. The solubility of l(;ad chromate in water at 25° C. 
is about 10“^ gram per litre according to Kohlrauseh,** but von Hcvesy 
and Pancth ’ obtained the value 1*2 X 10~^ gram per litre by employing 
radium-D as a radioactive indicator, i.e, )>y mixing with the h ad salt 
radium-D, wliich is indistinguishable from lead, and estimating the 

1 Bourgeois, Bull Soc. Min., 1887, lo, 187. 

* Drcverniann, Anrmhn, 1853, 87 , 121. 

® JUanc and Bindschedlcr, ZHUtch. FAeMrocliem., 1902, 8, 255. 

* Jablczyn.ski, CJiem. ImL, 1908, 31 , 73 J. 

* Free, j. Physical Che,m,, 1909, 13 , 1 14. 

® Kohlrauscli, Zidtsch. physikal. Chern,, 1908, 64 , 159. 

’ Von Hevesy and Panoth, Zeitsch. anorg. Chem., 1913, 82 , 323. 
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radioactivity of the solution, since the original ratio between the two 
salts is maintained in solution. 

Lead chromate njadily dissolves in dilute hydrochloric and nitric 
acids. The solubility of this salt in dilute hydrochloric acid, and the 
equilibrium between chromate and dichroinate in solution, have been 
studied by Beck and Stcgmuller,^ who find that the solubility in dilute 
solutions is nearly proportional to the hydrogen ion concentration, but 
in more concentrated solutions to the square of this concentration. 
This is on account of the formation of dichromatc ions, thus : 


2 JlCrO/ Cr207'' + HgO, 

which results in more lead chromate being dissolved. 

The following equilibrium constants have b(;en calculated : 


[H-].[CrO/'] 

lllCrO/J 


= 3-7 X 10-7 . 


[ir] ^[CrO /T 

[CraO/™] 


= 3-4 X 10-13 . 


■ |IHV/) 7 ] ■ 


X 10~3 ; 


|ncr 07]2 


== 2*5. 


Lead chromate also dissolves in sodium hydroxide solution, being 
decomposed inio a mixture of sodium chromate and plumbite. A 
solution of sodium carbonatx' rc'aets with lc‘ad chromate thus : 


2 PbCr 04 + 2 NaaC 03 + HaO .- 


PbO.PbCrO, J 


‘jNallCOa + Na2Cr04; 


in presence of excess of sodium hydrogen (;arbonat(*, however, the 
following reaction takes jdace-; 

PbCrO^ + 2NallC03 PbCOg + Na2Cr04 + HgO + COg 


Boiling with potassium nitrate solution causes lead chromate to pass 
into a colloidal state. ^ 

Besides its use as a pigment lead chromate is employed for dyeing 
or printing on calico. Tlic‘ process, which is a mechanical one, is carried 
out by passing the fabric first through a solution of lead salt and then 
through a solution of chromate. The material may, however, be 
agitated with pr(*eipitated lead chromate, suspended in water, alcohol, 
or benzene. When the two latter media are employed the colour is 
not so deep as when water is used.^ 

Lead chromate fuses when strongly heated, fornung a brown liquid, 
which on cooling solidifies to a light brown crystalline mass. At a 
high temperature the salt evolves oxygen, and, on account of its oxidis- 
ing property, it is employed in organic analysis to aid the combustion 
of substances containing the elements chlorine and sidphur, which are 
retained by the lead. 

Lead Dichromate^ PbCr207, containing 2 molecules of water of 
crystallisation, was obtaiiud by Preis and llayman,'^ but its existence 
was subse(piently di‘ni(‘d by Aiitenricth.® Elbs and Niibling’ found 

^ B(‘ck and SU'^miillcr, Arhcilcn Kaiserl. OcsundheMsamle, 1910, 34 , 44(5. 

* Auorbacli and Pick, ArbeiUm K((i^erL Gesimdhritsamte, 1913, 45 , 1(5(5. 

O. de (Joriiru'k, Hull. A rad. rotf. Bflff.., 1009, 0(55. 

* L. Vignon, Com.jtU rend., 1009, 148 , 1329 ; IhdL Sue. chim.^ 1909, fiv], 5 , 075. 

* Preia and llayman. Bar., 1880, 13 , 340. 

® Autenrieth, Ber., 1902, 35 , 2067. 

’ Elbs and Niibling, Zaitsch. Elektrochem,, 1903, 9 , 770. 
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that when a very concentrated solution of chromic acid (130 grams 
CrOg per 100 c.c.) is electrolysed with a lead anode a solution is obtained 
which evolves oxygen when kept, and deposits reddish brown needles 
of lead diehromat(‘, PbCraO,. From the volume of oxygen evolved it 
appears that pluinbie diclironiate is formed and decom])os(\s thus : 

Pb(Cr 207)2 = PbCi-aO, + 2Cr03 + O. 

Mayer ^ oldaiiK^d lead dieliromate by heating lead acetate with 
chromic anliydride and concentrated nitric acid, under a rclliix con- 
denser ; and Cox ® prepared the same salt by taking account of the 
fact that it is prone to hydrolysis and can only be formed in contact 
with a chromic aci(? solution of a certain concentration, which is 6*865 
gram-molecules CrOg per litre at 25 '^ C. Thus by grinding together 
lead monoxide and chromium trioxidc in saturat(‘d solution in the 
jwoportion of 2 gram-molecules of tint formd’ to 5 of the latter, lead 
dichromate is i)roduced and may be obtaiiuid ])ure after washing with 
7 -N solution of CrOg. It is a lustrous, red, crystalline powder. 

Basic Lead Chromate, Pb2Cr05, PbCrO^.PbO, or 2 l>b 0 .Cr 03 , is 
formed as a red jiowdcr by the action of cold caustic soda solution on 
the normal chromate. It is also produced by mixing together lead 
chromates and oxide in presence of watca% and is known commercially 
by various nanu‘S ; chrome red, orange chrome, Derby red, Chinese red, 
according to its depth of colour. It is conv(irt(‘d by acetic acid into 
the normal salt, and the two salts are in equilibrium ^ in contact with 
an aqueous solution of 2 X molecules CrOg per litre at 25 ° C. 
Mixtures of the two salts produce shades intermediate between yellow 
and red ; such mixtures arc known commercially. 

The basic salt PbgCrgOg occurs in dark red hexagonal ju’isms of 
a density of 5*75 as the mineral phoenicite or This 

compound may be prepared artificially by allowing solutions of lead 
niti-ate and potassium chromate to mix by diffusion,^ by exposing a 
solution of lead chromate in caustic potash to the air for s('.veral months,^ 
or by immersing galena in potassium dichromate solution for six months. 
This last i)roccss, which was carrie d out by M(‘imicr,^ })robably nearly 
reproduces the conditions by which the mineral is naturally produced. 

Lead Chromate Double Salts ~ Double salts of lead chromate with alkali 
chromates have been obtained.® The potassium salt K2Cr04.PbCr04 
or K2Pb(Cr04)2 is formed as a yellow amorphous precipitate when 
50 c.c. of a saturated solution of potassium chromate is mixed with 
10 c.c. of saturated lead acetate solution. The ammonium salt 
{NH4)2rb(Cr04)2 is prepar(‘d similarly, and both salts are decomposed 
into their compont nts by water. 

^ Mayer, Ber., 1903, 36 , 1740. 

^ Cox, Zeitsch, anorg. Chem., 1906, 50 , 226. 

® Drovcrniann, Annalen, 1853, 87 , 121. 

* Liideking, Amer, Sci.. 1892, fiiit 44 , 57. 

® Meunier, Com/pt. rend., 1878, 87 , 650. 

* CrO'ger, Zdtsch. anorg. Chem,, 1907, 54 , 185; 1908, 58 , 412; Jlant?, (JompU rend,, 
1914. 158 , 495, 
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LEAD AND MOLYBDENUM 

Lead Molybdate, PbMo04, occurs as the mineral wulfenite^ which 
was prc‘parcd artificially by Manross ^ by fusing together lead chloridcj 
and sodium molybdate, and was so obtained in yellow liexagonal 
tablets. This salt is quantitatively j)recipitated ^ as a wliite j)owder 
by mixing sodium molybdate and lead nitrate solutions. After fusion 
at high tcanperature it crystallises, and then has a density ^ of 6 * 62 . 

LEAD AND TUNGSTEN 

Lead Tungstate, PbW04, occurs as the mineral stolzitc, which was 
also obtaim‘(l by Manross ^ by fusing lead chloride with sodium tung- 
state. The saTn(‘ salt is formed as a white precipitate when solutions 
of a lead salt and j)otassium tungstab‘, K2WO4, are mixed. 

Lead Metatungstate, PbW4043.5H20, is produced as a flocciilent 
precipitate when a solution of metatungstic acid or its soluble salt is 
added to lead acetate solution. 

LEAD AND URANIUM 

Lead Diuranate, PbU207, is said to he fornud ^ when uranyl acetate 
solution is digest(‘d with freshly precipitat(‘d lead carbonate ; when 
ammonia® is added to a mixture of uranyl .and lead nitrate solutions, 
and when Icjul aecdate and uranyl nitrate solutions ar(‘ mixed together. 
It is described as a yellowish red precipitate, soluble in acetic iicid, 
whicdi turns brown on heating, and when reduced in hydrogen yields 
pyrophoric lead and uranous oxide, UOg. 

The following salts have been obtained by Zeh(id('r ® : 

Pb(C2ll302)2.UOo(C2ir302)2.SlIA 
which on ignition yields PbX^04 as a reddish brown crystalline mass ; 

2PbUA-5H20, Pb5UA82*R>H20, Pb4U50,e.4ll20; 
also [Pb(C2lT302)2 • 3UO3 . 2H20]3TT20, which yields PbUgOi q on ignition. 

Lead Peruranate,^ combined with h^ad uranatc as the salt 
(PbO)2U04.PbU04, is formed as an orange precipitate when solu- 
tions of sodium peruriuiate, (Na202)2U04, and lead acetate are mixed. 
With dilute sulphuric acid this salt yields hydrogen peroxide, and 
with the concentrated acid ozonised oxygen ; whilst dilute acetic acid 
decomposes it, forming lead acetate and uranium tetroxidc;, UO4. 


DETECTION AND ESTIMATION OF LEAD 

It was early observed that the presence of lead in wine could be 
detected by the addition of sulphuric acid ; and Zeller in 1707 suggested 

^ Manross, Anmlen,, 1852, 82 , 858. 

2 Chatard, Ber., 1871, 4, 280. 

^ Oossa, Oo7nj)t. rend.y 1885, i02, 1315. 

* WcM-thcim, J. pral'L Chem., 1843, [ i], 29 , 207. 

^ Arfvodsoii, Pog(j. An7iah‘Hy 1824, i, 258. 

• Z(Uuinter, MonuUh,, 1004, 25, 107. 

’ MclikofI and PissaT-jewski, Zicr., 1897, 30 , 2902. 
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an extract of orpimcut and lime-water, which would contain sulphide, 
as a test for lead salts, which it turned black. The introduction of 
hydrogen sulphide as an analytical reagent was first made in connection 
with lead salts; for Fourcroy and JJaluieinaiin in 17<S7 proposed to 
use water acidified with hydrochloric acid and saturatcxl with liydrogen 
sulphide as a test for lt;ad. 

Detection in the Dry Way. — Lead salts impart a bluish grey 
tint to the Bunsen flame, which does not, however, sliovv a ckarly 
defined spectrum. The spark spectrum of lead contains charnctc^ristic 
lines in the orange, green, and violet (see p. ;j74). Owing to the easy 
rcdiicibility of lead oxide, lead salts yield a bead of the metal when 
heated with sodium carbonate on charcoal beforci the l)low[)i})e. The 
metal is identified by its malleability, by the fact that it marks jmper, 
and by dissolving it in nitric acid and apjdying to tlic solulion one or 
otli(;r of the characteristic wcit tests. 

Detection by Reactions in Solution. — From moderately concentrated 
solutiojis lead is precipitated as eliloride by hydrochloric acid, and this 
reaction is employed to separate le ad, togedlier with silver, and mercurous 
mercury in (]ualitativc analysis. 

Lead remaining in solution after the addition of hydrochloric acid 
is detected and se})arated by means of hydrogen sulphide, with which 
it yi(Jds a black precipitate of the sulj)hide. Cop])er, mercury, and 
bismuth also give black or dark brown prccit)itates with the same 
reagent, but the lead is S(‘])arated and idejitihed by the solubility of 
its sulphide in moderat(‘ly concentrated nitric acid nnd the subse- 
quent precipitation of the sulphate by dilute sulphuric acid. The l(‘ad 
sulphate may then be dissolved in ammonium acetates soJutiom and 
the lead precipitated as chromate. 

The sulphide and chromate, tests arc.‘ both very delicate', and may 
be cmf)loycd for the detection of lead in ])ota.ble water. TJu' sulphide 
tost is gen(?rally employed in presence of a little dilute hydrochloric 
acid, though it is even more delie^ate in presence of alkali. In citlier 
case the absences of other metals which miglit gi\ e brown colorations 
or black precipitates must be ascertained. The; chromate test is carri<;d 
out in presence of dilute acetic acid. Other and ic'ss im[)ortant te sts 
for Icaei are as follow : Alkalis prccipitale lead hydroxielc', soluble in 
excess of the precipitant, but insoluble in ammonia ; alkali carbemate 
precipitates basic le;a(l carbonate, insoluble in excess ; alkali iodide 
precipitates yellow lead iodide, solulde in hot water from ^vhich it 
crystallises in golden spangles ; metallic zinc separates l(*ad in crystals, 
forming the lead tree. 

A reagent for detecting traces of lead and manganese' (exists in the 
form of t(‘tramcthyldiaminodiphcnylmethajK‘, which gives a deep blue 
colour with lead and manganese dioxides. The substance to be tested 
is incinerated with sul]diiiric a<‘id ; a few elrops of sodium hypoedilorite 
solution are added to tlie ash, c'xcess of chle>rine is e limiiiuLed by he\'ding, 
and the reagent is added. 15y the; blue colour produced le'ad has bc(;n 
dc^tected in wate;r which has passed tJirough le*ad pipes, or in an animal 
boeiy, when other methods have failed. 

Estimation of Lead. -r-Lead may be estimati'd by three series of 
metliods : (i) gravimetric, (ii) volumetric, (iii) electrolytic. 

(i) Gravimetric Methods, — (a) Lead is precipitated from solution as 
sulphate by dilute sulphuric acid, a volume of alcohol (‘(puil to twice 
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the volume of the solution being added to secure complete precipitation. 
The precipitate is then liltered off through a weighed filter, or preferably 
a Gooch crucible, dried, and weighed. 

(h) Lead may also be i)rccipitated as basic carbonate or oxalate, 
and these arc converted by ignition into monoxide, which is weighed. 

(e) Lead is occasionally weighed as chloride, cliromate,^ molybdate,^ 
or oxalate. 

(iii) Volumetric Methods, — (a) The method of Alexander consists in 
titrating an ammonium acetate solution of lead sulphate with ammonium 
molybdate solution wliich has been standardised with a similar lead 
solution of known strength. The end point is found b}^ a spot reaction 
with a solution of taimi]i which gives a yedlow colour with niolybtlate. 

(/;) Lead may also be estimated by precipitating with excess of 
standard chroma, te solution, filtering and washing the precipitate, and 
estimating the (jxcess of chromate by adding acidifi(;d potassium iodide, 
and titrating the liberat(‘d iodine with thiosul 2 )hate.^ 

It is possibh* also to titrate a hot solution of a l(‘ad salt by standard 
chromate, employing the shaking method.^ 

(c) A further m(‘tlK)d of estimating lead consists in obtaining it as 
sulphate, dis.solving this in ammonium acetate, and oxidising to dioxide 
by bromine wa-tci*, tlu^ dioxide being them (‘stimated iodomcirically.^ 

{d) After h‘ad has been converted into sulphate it may be (estimated 
volume trically by decomposing this salt with hydrogen sulphide, and 
titrating the lilxu'ated sulphuric acid.® 

(c) Traces of lead are (‘stimated colorimetrically by means of 
hydrogen sul})hide, the depth of colour produced being matched by 
means of a standard h ad solution. By this method 0'()5 rng. of lead 
per litni can be estimated,'^ 

(iii) Electrolytic Methods,— L(‘ad has usually been estimated electro- 
lytically by separation from nitric acid solution, as lead ])eroxide at 
the anode. From a faintly aedd, ammoniacal or alkaline solution, how- 
ever, it can be separated as metal at the (;athod(j. Classen ® has found 
that with a current d(‘]isity of 1*5 to 1*7 am])eres ]>er square dern. 
the separation of lead as lead dioxid(i is complete in four to five hours 
at a temperature of 40° to 50° C. The lead dioxide is then washed 
and dried at 180° C. TIk^ special precautions necessary for this estima- 
tion have b(*en studied by \h)rtmaim.^ 

The introduction of rotating electrodes has (uuibled electro-analysis 
to be carri(‘d out \’cry rapidly ; and the estimation of lead by this 
means, as well as the se])aration of various metals by the use of graded 
potential, has been successfully accomplished by Sand.^® 

^ Pellet, Bull. Soc. cMm,, 1876, liij, 26, 248. 

“ Smith and Bradbury, Bvr.y 1891, 24, 2930. 

® Diehl, Zeitsch. anal. Cham., 1880, 19, 306. 

* l,<ewi8, Dimirlaiion, Bredau, 1908. 

® Kiihn, Arbeiim Kaiserl. OesimdheHmmte, 1906, 23, 389. 

® Miles, Trans. Cham. Soc., 1915, 107, 988. 

’ Woudstra, ZeMsch. anorg. Chem., 1908, 58, 168; see aho Harcourt, Tram, Clma, 
Soc., 1910, 97, 841. 

8 Olassen, Bcr., 1894, 27, 163. 

* Vortmann, Ammlcn, 1907, 351, 283. 

Sand, Tram. Chem. Soc., 1907, 91, 373, 
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bromide, 164 
chemical properties, 154 
chloride, 103 
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action of acids on, 316 
atomic weight, 316 
chloroform, 318 
compounds, 317 
detection and estimation, 322 
dioxide, 321 
discovery 314 
di8uli)hi(lc, 322 
ethide, 317 
hydride, 317 
occurrcn(50, 314 
oxychloride, 319 
preparation, 315 
properties, 315 
specific heat, 315 
spectrum lines, 31G 
tetraethyl, 317 
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Gormaniura, tin, and load, comparative 
study, 14 
halides, 16 

organo-motaUio compounds, 16 
oxides, hydroxides, and salts, 17 
sulphides, IS 
valency, lo 
ultramarine, 322 
Germanous chloride, 319 
fluoride, 318 
hydroxide, 320 
oxide, 320 
sulphide, 321 
Graphite, 6 

chomioal properties, 40 
heat of combustion, 51 
history, 37 
occurrence, 37 
origin and formation, 38 
physical properties. 39 
uses, 41 
Graphitoid, 59 
Grey slag, 368 

Halacbtylenes, 87 
Hamburg white, 431 
Haimay’s white lead, 432 
Heavy carburetted hydrogen, 74 
Hemimorphite, 220 
Hexabromosilico'ethano, 200 
Hexachlorosilico-othano, 199, 222 
ethoxy-derivatives, 202 
Hexahydroxyplumbic acid, 405 
Hoxa-iodosilioo-ethane, 200 
Hexite-pontite theory, 217 
Hyacinth, 260 

Hydrides of carbon and silicon compared, 
187 

of silicon, 184 
Hydrocarbons, 65 
combustion, 80 
homologous series, 66 
Hydrobromotitanic acid, 244 
Hydrooerussite, 365 
Hydroohloroplumbic acid, 392 
Hydrochlorotitanio acid, 242 
Hydrocyanic acid, 156 

and cyanides, constitution, 161 
anhydrous, 158 
antidote, 162 

detection and estimation, 162 
discovery, 156 
from amygdalin, 156 
halogen derivatives, 163 
pl^siological action, 162 
riydrofluogermanic acid, 319 
Hydrofluoplumbio acid, 387 
Hydrofluosilicio acid, 192 
conductivity, 193 
crystallohydrate, 193 
salts, 193 
solutions, 193 
thermal data, 194 
Hydrofluotitanio acid, 238 
Hydrogen cyanide, additive compounds, 
162 


Hydrogen cyanide, chemical projierties, 159 
electric conductivity, 160 
formation, 157 

heat of formation, 157, 158, 159 
liquid, 159 

physical properties, 168 
I)oiymerisation, 159 
preparation, 158 
reactions, 159 
synthesis, 157 
Hydrosilieates, 219 
“ Hydrothermal ” silicates, 221 

Ilmentte, 232, 248 
lodobromosilicancs, 199 
Todoehlorosilicanes, 198 
lodocyanogen, 164 
lodostannic acid, 351 
lodostannites, 350 
lodostannous acid, 350 
Tsethionyl chloride from ethylene, 79 
Isoperthiocyanic acid, 174 
Isotopy in thorium series, 311 

Jasper, 205 

“ Kalkstiokstoff,” 167 
Kaolin, 219 
Keilhauite, 232 
Kioselguhr, 204 

Lanaekite, 366, 414 
Laurionite, 391 
Lead, 365 

action of acids on. 376 
of water on, 378 
allotropy, 374 
atomic weight, 381 
behaviour towards reagents, 370 
boiling-point, 374 
chemical properties, 375 
colloidal, 374 
density, 373 
desilverisation, 371 

dosilverisation by zinc (Parkes process), 
372 

Pattinson process, 371 
Rozan process, 372 
detection in dry way, 441 
by reactions in solution, 441 
disintegration product of radium, 375 
electropot/ential, 375 
eleotrorcfining, 372 
estimation olectrolytically, 442 
gravimetrically, 441 
volumotrically, 442 

from radioactive sources, atomic weight, 
383 

fume condensation, 370 
hardness, 374 
history, 366 
melting-point, 374 
metallurgy, 366 

air reduction process, 366 
carbon reduction process, 368 
precipitation process, 370 
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Load objects, decay, 380 
occurrence, 365 

ores, air reduction process, 366 
physical properties, 373 
physiological action, 378 
pure appearance, 373 
purification, 370 
softening, 371 
specific heat, 374 
spectrum lines, 374 
superficial oxidation, 373 
vapour, 374 
Lead acetate, 432 

aqueous vapour pressures, 432 
heat of formation, 432 
solution, ionisation, 433 
acetates, basic, 433 
complex, 434 
alkyls. 386 
alloys, 377 

bibliography, 377 
antimonato, 426 
anorthophosphatc, 425 
arsenate, 426 
arsenito, 426 
azide or azoimido, 417 ‘ 
borates, 436 
bromate, 396 
basic, 396 
bromide, 394 

compounds with pyridine, 396 
double salts, 395 
solubility, 394 
bromides, basic, 395 
carbonate, 427 

dissociation pressures, 427 
beat of formation, 427 
properties, 427 
solubility, 427 

in carbonic acid, 428 
carbonates, basiC; 428 
chlorate, 393 
chloride, 388 

boiling-point, 388 
and sulphuric acid, reaction between, 
390 

bromide, iodide, solubility curves, ,397 
density, 388 
double salts, 390 
heat of formation, 388 
ionisation, 389 
melting-point, 388 
solubility in hydrochloric acid, 389 
in water, 389 
specific beat, 388 
vapour density, 388 
chlorides, basic, 391 
chlorite, 393 
chlorofluorido, 387 
chlorothiobismutbite, 412 
chromate, 437 
as a pigment, 438 
basic, 439 
double salts, 439 
oxidising action^ 438 
solubility in alkali, 438 


Lead chromate, solubility in hydrochloric 
acid, 438 

compounds, 384, 385 
dichromakj, 438 
dihydrogen phosphate, 424 
di-p-tolyl salts, 387 
dioxiclt;, 403 

ampliotcric })ro]KM'tics, 405 
hydrated colloidal, 404 
oxidising action, 405 
preparation, 403 
properties, 404 
reactions, 404 
diphcnylnitratc, 386 
dithionato, 416 
diuranatc, 440 
ethoxide, 387 
fluoride, 387 
formate, 432 
glance, 410 
hydrazoate, 417 
hydrogen arsenate, 426 
sulphate, 415 

hydroxide, amphoteric j)rop(jrties, 402 
solubility, 402 
hydroxides, 401 
hyponitrito, 418 
hypopht)sphitc, 424 
imide, 418 

intermediate oxides, 410 
iodate, 398 
basic, 399 
iodide, 396 
ammono-hasic, 418 
double salts, 397 
heat of formation, 396 
physical properties, 396 
solubility, 397 
solution, colour, 397 
iodides, basic, 398 
metaphosphato, 425 
metatungstate, 440 
metaplurubatc, 400 
molyi>datc, 440 
monohydrogen phosphate, 424 
monoxide, 400 

different forms, 401 
properties, 401 
nitrate, 419 

ammono-basic, 418 
complex salts, 423 
dissociation, 420 
properties, 420 
solubility, 421 
in alcohols, 422 
solution, ionisat ion, 422 
solutions, density, 421 
hydrolysis, 422 
uses, 422 

nitratea, basic, 422 
nitrite, basic, 419 
double salts, 419 
nitrate, 419 
nitrites, 418 

nitrohydroxylamate, 418 
nitroso-nitrido-ammonia, 418 
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Lead ootaphosphate^ 425 
orthoarsenate, 426 
orthophosphate, 424 
orthoplumbatc, 407 
oxalate, 434 
basic, 435 

oxide, puoo-coloured, 403 
oxides, 399 
oxyiodido, 397 
perchlorate, 394 
periodates, 399 
peroxide, 403 
persulphate, 415 
peruranate, 440 
phosphate, 424 
phosphide, 423 
phosphite, 424 
pluinbate, 406 
basic, 409 
poly sulphide, 412 
potassium oxalate, 435 
pyroarsenate, 426 
pyropho8phato^425 
pyroplumbate, 410 
pyrosulphate, 415 
sclenate, 417 
solenide, 416 
selenite, 417 
sesquioxide, 409 
suboxide, 399 
silicates, 435 
in pottery, 436 
“ siUoite,” 436 
sulphate, 412 
complex salts, 414 
preparation, 412 
properties, 412 
solution, ionisation, 413 
solubilities in acids, 414 
solubility, 412 

in ammonium acetate solution, 414 
sulphates, basic, 414 
sulphide, 410 
properties, 410 
reactions, 411 
sulphite, 412 
sulphobromides, 411 
sulphochlorides, 411 
sulphoiodide, 411 
tartrate, 435 
tellurate, 417 
telluride, 417 
tellurite, 417 
tetra-acetate, 434 
tetrabromide, 396 
tetrachloride, 392 

oompounds with ammonia and organic 
bases, 303 
properties, 392 
tetraethyl, 386 
tetrafluoride, 387 
tetraiodide, double salts, 398 
tetramethyl, 386 
totra>p<totyl salts, 387 
tetraphenyl, 386 
tetraphosphate, 425 


Lead thiosulphate, 416 
complex salts, 416 
triethyl, 386 
chloride, 386 
hydroxide, 386 
sulphate, 386 
tungstate, 440 
Leadliillitc, 366, 427 
Leipzig ycUow, 437 
Leueite, 214. 220 
Light carburetted hydrogen, 67 
Lime garnet, 215 
Linkage of atoms, 6 
Lignite, 54 
Liquation, 328 
Litharge, 400 
uses, 401 
Lodo-tin, 323 

Lower oxides of carbon, 100 
sulphides of carbon. 150 

Marsh gas, 67 
Massicot, 365, 400 
Matlockite, 365, 391 
Moliiith, 214 
Menaolianite, 232* 

Mendipite, 365, 391 
Mercuric acetylide, 88 
thiocyanate, 173 
Mesothorium, 305 
Mesothoriumd, 300 

preparation and utility, 312 
Mesothorium-2, 306 
Metallic carbonyls, 110 
Metaplumbic acid, 409 
Metastannic acid, 353 
Metathorium oxide, 288 
Mctatitanic acid, 247 
Methane, 67 

chemical properties, 72 
combustion, 72 
critical constants, 72 
density, 71 
estimation, 73 

explosion with air or oxygen, 73 
heat of combustion, 71 
history, 67 
liquefaction, 71 
liquid, boiling-point, 71 
density, 72 

luminosity of flame, 72 
occurrence, 67 
physical properties, 71 
preparation, 69 
solid, melting-point, 72 
solubility in water, 71 
specific heat, 71 
synthesis, 68 

Methyl-ethyl-ii-propyl stannic iodide, reso- 
lution, 342 

Methyl stannic bromide, 341 
chloride, 341 
iodide, 341 
acid, 341 

stannonio acid, 342 
Mexican blonde, 314 
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Milky-quartz, 205 

or mimotositc, 366, 426 
Minium, 365, 407 
Moire metalUque, 331 
Monazite, 277 
sand, 277 

Monobromacctylcno, 87 
Monochloraoetylene, 87 
Mono-iodoacetylene, 87 
Monosilicatas, 214 
Mosaic gold, 357 
Muscovite, 215, 219, 221 

Naples yellow, 426 
Natrolito, 220 
Niobit.e, 314 
‘‘Nitrolim,” 167 

Oct ABROM osi i .i coPRor a n e, 200 
Octaclilorosi 1 icopropane, 200 
Olefiant gas, 74 
Oligoclase, 221 
Olivine, 214, 215 
Onyx, 205 
Opal, 209, 221 
Orange chrome, 439 
Orangite, 277, 278 
Organo-silicic acids, 2 1 3 
Orthoclase, 214, 216, 221 
Orthoplumbates, 406 
Ortbototanic acid, 247 
Oxymuriatc of tin, 348 

Paraoyanouen, 155 
I^arastamiic acid and salts, 356 
Parastarmyl chloride, 356 
Paris rod, 407 
yellow, 437 » 

Patent yellow, 392 
Pa,ttinson process, 371 
Pattinson’s white lead, 432 
Peat, 54 

Percarbonates, 13(3 
constitution of, 137 
Peroarbonic acid, 135 
Periodic system, 2 
Perofskite, 232, 248 
Perthiocai^bonates, 150 
Portitanates, 257 
Pertitanio acid, 256 
Perzirconates, 270 
Petalito, 214 
Petroleum, origin, 68 
Pewter, 339 
Phamicite, 439 
Pheenioochroito, 439 
Phosgene, 97 
Phosgenite, 365, 427 
Phosphor-bronze, 338 
Phosphor-till, 360 
Photwhemical induction, 97 
Philiipsite, 220 
Pink salt, 348 
Plattnerite, 365, 403 
Plumbates, 406 

Plumbibromide, quinoline, 396 


Plumbic acetate, 434 
acids, 405 
n-butyrate, 434 
iso-butyrate, 434 
palmitate, 434 
propionate, 434 
stearate, 434 
sulphate, 415 
double salts, 415 
oxidising action, 415 
Pluinbichloridcs, 392 
IMumbotartaric acid, 435 
Plumbum album, 324, 366 
candidum, 324, 36() 
nigrum, 324, 366 
Potassium fluogermanatc, 319 
germanifluoride, 319 
liydrolluoplurnbate, 387 
pcrcarbonate, 135 
plumbatc, 406 
stannatc, 347, 354 
stamiichloride, 348 
Btamii fluoride, 343 
thiocarbonato, 145 
thiocyanate, 171 
thorifluoiide, 285 
titanifliiorid(% 238 
titanylsul})hate, 251 
Fr e-paring sails y 354 
Prussic acid, 156 
Pseudobrookite, 248 
FureXy 415 
Putty i)Owder, 353 
I’yridiiic stamii -iodide, 361 
Pyromorphite, 3()C, 424 
l^yrophanite, 248 

Quartz, 205, 221 
n-quartz, 204 
/d-quartz, 204 

Quartz, art itieial production, 207 
j)hysical propci'tics, 208 
enaiitiomorphous crystals, 200 
glass, coeflicient of (ixpansion, 20S 
physical properticis, 205 
refractive index, 207 
uses, 207 
vaporisation, 207 
Quartzite, 205 
Quinoline 8tanni-iodi<lo, 351 

Radiothorium, 304, 300 
Recoil, method of, 307 
Red lead, 407 

action of acids on, 408 
of heat on, 407 
analysis, 408 
dissociation, 408 
enaniiotropic forms, 408 
preparation, 407 
prupertica, 407 
uses, 409 
Retort carbon, 43 
Reverberatory furnace, 329 
for lead, 368 
Rock crystal, 205 



CARBON AND ITS ALLIES 


464 

Rose-quartz, 206 
Rozan process, 372 
Rutile, 232, 240 

SAMARSKiTii:, 277, 314 
Sard, 205 
Sardonyx, 205 
Sartorito, 365 
Saturn Cinnabar, 407 
Schorlomite, 232 
Schungite, 69 
Silica, 204 
amorphous, 208 
density, 209 
melting-point, 209 
chemical i)ropci*tics, 209 
hydrates, 210 
natural occurrence, 204 
Silicam, 227, 228 
Silicane, 184 

physical constants, 185 
properties, 185 
reactions, 185 
thermochemistry, 185 
Silicates, 212 
types, 214 

SiUoic acid, heats of reaction, 21 1 
acids, 210 
Silicifluoridca, 193 
Silico-acetylcne, 187 
Silico-aluminic acids, 216 
Silioobutane, halogen derivatives, 201 
Silioobroinoform, 189 
Silioochloroform, 180 
properties and reactions, 189 
Silico-ethane, 186 
halogen derivatives, 199 
properties and reactions, 186 
Silicofluoroform, 188 
Silicoformic anhydride, 221 
Silicohexane, halogen derivatives, 201 
Silioo-iodoform, 190 
properties and reactions, 190 
Silioomes-oxalio acid, 221, 223, 224 
Silicomethane, 184 
Silicon, 176 
amorphous, 6 

action of acids and alkalis on, 1 79 
heat of combustion, 179 
preparation, 177 
properties, 178 
and the halogens, 1 87 
atomic weight, 181 

chemical characteristics atul relation- 
ships, 177 
crystalline, 6, 179 
preparation, 179 
properties, 181 
detection and estimation, 231 
history, 176 
ocourronoe, 176 

preparation and properties, 177 
spectrum lines, 181 
Silicon borides, 230 
bromotri-iodide, 199 
oarboxide, 230 


Silicon chlorobromides, 198 
chlorohydrosulphide, 225, 226 
chloro-iodides, 198 
ohlorotribromide, 198 
dibromodi-iodide, 199 
dicarbide, 230 
dichlorodibromide, 198 
di-imide, 227, 228 
dioxide, 204 
disulphide, 225 
-halides, list, 188 
hydrotrianilide, 190 
mixed halides, 1 98 
monocarbide, 229 
monosulphide, 225 
nitride, 227 
nitrides, 229 
nitrimidc, 227, 228 
oxychlorides, 202 
constitution oF, 203 
oxyhydrides, 221 
oxysulphidc, 225 
sclcnidc, 227 
subfluoride, 194 
tetrabromide, 196 
compound with ammonia, 197 
compounds with organic bases, 197 
heat of formation, 197 
preparation, 197 
properties, 197 
tetrachloride, 194 
compound with ammonia, 196 
preparation, 195 
properties, 195 
tetrafluorido, 190 

compounds with ammonia and phos- 
pliine, 192 
preparation, 191 
properties, 191 
reaction with water, 192 
tetrahydride, 184 
tetra-iodide, 197 
tetramide, 227 
thiobromide, 225, 226 
thiochlorido, 225 
tribromo-iodide, 199 
trichlorobromide, 198 
trichlorohydro8uli)hide, 196 ' 

Silicones, 5 

Siliconitrogen hydride, 228 
SilicO'Oxalio acid, 222, 223, 224 
Silicopentane, halogen derivatives, 201 
Silicopropane, halogen derivatives, 200 
Silicothio-urea, 226, 226 
Siloxicon, 230 
Silver acetylide, 88 
metaplumbate, 409 
thiocyanate, 173 
Smoky-quartz, 206 
Sodium metasilicate, 221 
stannate, 354 
)3'Stannate, 355 
stannichloride, 348 
stanni fluoride, 343 
titanifluoride, 239 
Solder, 338 
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Sphene, 232, 243 
Spinels, 215 

Spirit vs argenti mvi .mblhnati, 340 
Spirit vs fvmans Lihn^vn, 340 
o-Stminic acid, 353 
and salts, 354 
/^•Stannic acid, 358 

and derivatives, 355 
Stannic acids, 353 
bromide, 349 
ammonia, 349 
lieat of formation, 349 
hydrate, 349 
physical pi'0|K3rtics, 349 
pRiparatioii, 340 
broino-iodides, 351 
chloride, 346 
additive compounds, 347 
as solvent, 34 ti 
boiling-point, 340 
critical constants, 340 
density, 346 
heat of formation, 340 
hydrate. 347 
hydrolysis, 347 
melting-point, 340 
mrdecular association, 340 
preparation, 340 
properties, 340 
solvents for, 34() 
chlorobromides, 351 
chloro-iodides, 351 
fluoride, 343 
ammonia, 343 
halides, mixed, 351 
iodide, 350 
ammonia, 351 
hydrolysis, 351 
properties, 359 
iodochloride, 350 
iodosiilphide, 358 
nitrate, 359 
oxide, 352 

amorphous and crystalline, thermal 
i-olations, 353 
density, 352 
hydrated, 353 
melting-point, 352 
reduction, 326 
oxysulphide, 368 
phosphate, 360 
pyrophosphate, 360 
Bulpbate, 359 
sulphide, 357 

solution in alkali, 358 
preoipitate<l, 358 
Stannibromides, 349 
Stannichlorides, 348 
Stannifhiorides, 343 
Stanni-oxalic acid and salts, 360 
Stannites alkali, 352 
constitution, 352 
Stanno-iodidos, 350 
Stannous bromide, 348 
double salts, 349 
properties, 349 
VOL, V 


Stannous chloride, 344 

action of sulphuric acid on, 145 
of sulphurous acid on, 345 
ammonia. 344 
basic, 345 
boiling-point, 344 
complex salts, 345 
heat of formation, 344 
hydrate, 344 
melting-point, 344 
reducing action, 340 
vapour density, 34-1 
fluoride, 343 
hydroxide, 352 
iodide, 359 
ammonia, 350 
proportu^s, 350 
nitrate, 359 
oxide, 361 

heat of combustion, 352 
sulphate. 358 
sulphide, 356 

precipitation, 357 
solution in alkali, 357 
tartrate, 361 
tungstate, 361 
/8-Stannyl chloride, 356 
iStcreocliomistry of carbon, 30 
Stilbite, 220 
Stock-v'trbu 323 
Stolzitc, 366 

Strain thcojy of valency, 31 
Stream-tin, 823 
Sti'ontium orthoplumbate, 407 
Sugar-charcoal, 42 
Sugar of lead, 432 
Sulpliocyanic acid, 171 
Sulphides of cat hon, lower, 150 
Sulphovinic actid Irotu (tthylene. 79 
Sulphur(‘4te(i hy(lrt>gen, n^movai of, from 
coal-gas, 93 

Tahasuukr, 204 
Tantaiito, 314, 323 
Terra vUrescihilis^ 170 
Tetramethyl stannane, 841 
Thiooarbamidc, 149 
Thiocarbamic acid, 149 
Thiocarbonic acid, am inn-derivatives, 149 
Thiocarboiiyl chloride, 149 
Thioctyanate, delection ami estimation 174 
Thiocyanic atjitl, 171 
conductivity, 172 
constitution, 172 
heat of foririal ion, 172 
anhydride, l7o 
Thiogermanic acid, 322 
Thiostaruiates, 357. 358 
Thiostannic. acid. 358 
Thiour<*a, 149, 173 
Thoria, 288 
Tliorianitc, 277 
Thorite, 277, 278 
Thorium, 277 

atomic weight, 282 
detection, 299 

2Q 
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Thorium, (i«fima,tioD, 299 
heat of combustion, 282 
history, 278 
metal, preparation, 28 1 
occurrence, 277 
properties, 28 J 
radioactivity, ,*t(K) 

decay anti re(!ovt*ry, 301 
discovery, 300 
active deptisit. 303 
investij]fati(>n, 306 
Thorium- A, 30S 
Thorium- H, 308 
Tlioiium-(', 30s 
'riu)rium-T>, 310 
'I'horium-K. 311 

3’horiuui disinte<!;rntit)ii [U’oducts, chart, 313 
tunanation, 302 
isotojies, 3 1 1 
series isoiopy, 311 
3'lu>rium-?(, 300 
Tlioriuiu sptictruiu, 2S2 
I'horium acetate, 296 
acr‘tv lactit < )iu!, 29S 
arst'uates, 295 
bromatti, 2SS 
bromitlc, 287 
addition eom pounds, 288 
hydrates, 287 
broinophospha t o. 295 
carbonate, 296 
oui ljouates, com|.)Iex, 296 
carbidti, 295 
chlorate, 288 
chloridtJ, 285 
addition compounds, 286 
hydrates, 286 
propcrticH, 280 
chlorides, conipl(‘x, 280 
chlorophosphattN 295 
comjiounds, 284 
extraction, 278 

preparation in laboratory, 281 
dioxide, 288 
properties, 288 
double fluorides, 285 
fluoride, 285 
formate, 296 
hexaboride, 299 
hydride, 284 
hydroxide, 289 
hydroxybromides, 288 
hydroxychlorides, 285 
iodate, 288 
iodide, 288 
nitrate, 294 
nitrates, complex, 296 
nitride, 294 
oxalate, 296 
oxalates, complex, 296 
oxybromide, 288 
oxychloride, 286 
oxyfluoride, 286 
oxysulphide, 290 
perchlorate, 288 
phosphate, 296 


i Thorium solenate, 294 
selenite, 294 
silicate, 298 
siiicide, 298 
sulphate, 290 
hydrates, 291 
solubilities, 293 
solubility, 280 
sulphates, cornYilex, 292 
Hulphid(‘, 290 
sulpliitc, 290 
sulphites, complex, 290 
superoxide, 289 
tartrate, 297 
tartrates, complex, 297 
tctraboride. 298 
Tin, 323 
nlloya, 337 

biblio^^raphy, 339 
action of ^icids on, 333 
atomic weiglif, 335, 337 
block, 330 
boiling- j )0 hit, 331 
chemical pro})ertics, 333 
coefficient of expansion, 331 
combustion, 333 
commercial, 330 
-copper alloys. 337 
“ cry,” 331 ‘ 
density, 330 

detection and qualitative separation, 361 
< ‘leotro nu‘ t a i 1 u rgy , 328 
extraction in dry way, 325 
in wet way, 328 
foil, 334 

from slags, recovery, 328 

grain, 330 

grey, 330, 332 

heat of combustion, 333 

history, 323 

macles, 331 

melting-point, 331 

metallurgy, 324 

methods of estimation, 362 

occurj*en(;e, 323 

post, 332 

physical pioporties, 330 
recovery from tin-plate, 328 
refined, 330 
refining, 328 
rhombic, 332 
sj^cific h(‘-at, 331 
spixstrum lines, 332 
thermal conductivity, 331 
transformation, tetragonal into rhombic, 
332 

white into grey, 333 
transition temperatures, 333 
typical brands, 330 
uses, 334 

Tin arsenides, 360 

bivalent compounds. See Stannous oom« 
pounds, 
butter ot, 347 
compoaition, 348 
compounds, 341 
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Tin, di-othyl, 342 
di-ethyl di-iodide, 342 
dimethyl dichloj’ide, 341 
di- iodide, 341 
oxide, 341 
sulphate, 341 
dioxide, 3o2 
liydi’oxytrichloride, 347 
monoxide, 351 
ore, purification, 325 
oxynmrial(‘, 347 
phosphides, 3(i() 
pyritc*s, 323 

(pjadrivakait compounds. Stc Stannic 
compounds. 

Jiuli, 344 
sclenidt3, 359 
telluridc, 359 
tctra-ethyl, 342 
letram<*tliyl, 341 
tri-ethyl, .342 
iodide, 342 
lrim<‘thyl iodide, 341 
Tinning, 334 
'rinHton(\ 323, 352 
formation, 352 
Titaiiamid(\ 243, 253 
'ritanat(3s, 24S 
metallic, 249 
3'itanic; .acids, 247 
bromide, 243 
ehloiuUi, 241 
(jompoumls, 242 
hydroxides, 247 
iodide, 244 
nitride, 252 
oxalates, 2.55 
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Vauadinite, 366 
Vegetable charcoal, 43 
Venetian white, 431 
Vitreosil, 208 

White lead, 428 

manufacture by American method, 430 
by Bischof s metliod, 430 
by Bronnor’s method, 430 
by chamber process, 429 
by Dutch stack process, 429 
by electrolytic methods, 431 
by English stack process, 429 
by French method, 430 
by MilneFs method, 430 
properties, 431 
substitutes, 431 
Willemite, 214 
Wollastonite, 214 
Wood -charcoal, 43 
Wood-tin, 323 
Wulfonite, 366 

Xanthto (Xanthogenic) acid, 145 

Zinc metaplumbate, 409 
Zinkenite, 365 
Zircon, 260 
Zirconates, 270 
Zirconia, 260 
preparation, 268 
Zirconic5 acid, 270 
Zirconiohlorides, 266 
Zirconifluorides, 265 
Zirconium, 260 
action of acids on, 202 
atomic weight , 202 
detection, 275 
estimation, 276 
history, 260 
occurrence. 200 
preparation, 260 


Zirconium, properties, 261 
separation from iron, 276 
from titanium, 276 
spectrum, 262 
Zirconium acetates, 274 
acotylacetone, 274 
basic formate, 274 
boride, 276 
bromide, 267 
carbide. 273 
carbonatt‘s, 274 
chloride, 2t)5 

additive compounds, 266 
ohJorotungstate, 275 
ohloro vanadate, 275 
compounds, 204 
dioxide. 208 
double fluorides, 266 
fluoride, 205 
halides, 204 
hydride. 204 
hydroxide, 270 
iodide, 267 
molybdate, 276 
nitrates, 273 
nitrides, 272 
oxalates, 274 
oxides, 268 
oxybromides, 267 
oxychlorides, 267 
oxy- iodide, 207 
oxysiilphide, 271 
peroxide, 270 
phosphates, 273 
selenate, 272 
selenite, 272 
sesquioxide, 268 
silicate, 274 
silicide, 274 
sulphates, 271 
sulphide, 271 
sulphite, 272 
tartrates, 274 
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